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The Mirage Islands are part of a north-facing Archean 
sup rae r us t a 1 · · s e que n c e w h i e h is .d 6 min a t e d by · f e 1 s i e t o · 
intermediate vblcaniclastic rocks interlayered with m•flc 
flows. and cut by gabbroic 
• 
dykes ~d sills. The 
islands are ·intruded by granitoid veins, 
•' 
to have been derived from :1n unexposed pluton 
West Mirage Islands. 
'II 
Two metamorphic .evehts h~-;-;.·been recongnized in the 
area. The first in~lved amphibolite facies metamorphism 
.. 
(Ml), interpreted to have been caused by the {ntrusion of 
the inferred pluton. Temperatures approached 600°C and 
' pressures · were between approximately 2 and 5 kbar. ·The 
s e c o n d m e t am o r p h-i c event (M2) '>--. entai~ed regional 
gr~ enschis t facies . metamorphism, w-1 th tempera t':"r.e ~ - near 
4 5 o· to 5 0 0 ° C an d. p r e s sure s o f abo u ~ 2 to 4 k bar .; M2 may 
have overlapped in time with i{'t, but it has overprinted 
(and · therefore outlasted) Ml •assemblages on the Mirage 
Islands. 
A series of: steeply dipping east-west striking shear 
zones cut the rocks on the Mirage Islanda, - •t:td are we·~.l 
exposed in metabasic rocks. 
. . : . ... 
Equilibration tempe~•tures ln 
' ~ 
the shear zones were calculated from the fractionation. of 
ii . . 
, 
l 
.. .. 
·' 
18o between. quartz an~. chlorite. 
distributio~ which corre.sponds 
They have a · bi11odal 
to .the temperatures 
deter~ined,for Ml and M2, and thus it is interpreted tha; 
~he shear zones formed . during , Hl and that some of them 
have subsequently re-equilibrated during M2. 
I 
The source . of the hydrothermal fluids cannot be 
eatabl'ished unequivocally from isotope data, but it is 
suggested that the flu .ids . which were present i .n the shear 
zones . during Ml were of igneous orig'tn, and that CJ 
metamorphic and meteor io fluids moved through the shear 
zones •• the temperature decreased. 
Quartz veins in the shear zones are host to fluid 
incl~ona with a range of compositions and homogenization 
temperatures. High salinities determined by fluid 
inclusion analyses support the interpretation that -the 
. __ ~~ r o_t h e_;-~_a_!_ .. _ f 1 u i d -~-~~-- in part me t e_Q.~.~- -~NI1oot.__--1Pl-lrt;:...il-mm.aa ... r ¥-- ----1 
.. 
< inclusions · were identified, ho.wever a ' few inclusions had 
sufficiently high homogenization temperatures that an 
estimate of their maximum trapping pressure could be made 
using formation temperature~ calculated from is6tope data . 
\ 
These pressure estimates are all less than 0 . 75 kbar . 
Alteration in the shear zones has resulted in the 
formation of new mineral assemblages and changes in the 
iii 
.. 
..... 
.. 
\ 
bulk chemistry of the sheared rocks, The oxidati 'on stat~ 
of iron in shear~d samples suggest that the hydrothermal 
fl-uids wer-e ascending, reducing fluids. In gene ra-1, . the 
changes in bulk composition of the sheared rocks may bt! 
predicted from alteration reactions between . sheared and 
unsheared 111ineral assemblages. Estimates of 
fluid: rock volume ratios are on 'the order of 10:1, but may 
be as high as 100:1 or more locally . 
' 
It is posaiblt; 
semiquantitatively to monitor~ the alteration progress in 
tbe shear zones, and it was found tha.t the e .nrich111ent or 
dep~etion of some elements varies \¥ematically with the 
e~tent of alteration . ' ' 
The shear zones are interpreted to have formed during 
the intrusion of the pluton south of the Mirage Islands . 
Alteration, which began in the presence of igneous flui~s, 
continued variably into .the regional greenschist fac iea 
._..,.---- - - ------~e..,'~>"&e n t- wh-i-e-h fo 11 ow-ed p 1 u ton ism . The calculated variations 
( 
···, ; 
in e qui 1 i b r i um temperature, isotopic .composition, -bulk 
chem l s try and fluid: rock ratio are attributed 
v 
variable time of closure of each shear zone. 
iv 
) 
to a 
\ 
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CHAPTER 1: REGIONAL ANQ LOCAL GEOLOGY OF THE MIRAGE ISl.ANI)S 
Introduction 
'-Gold mining in the Yellowknif~ area has dominated tl.H· 
mineral industry of the Northwest Territories sin c P it 
began in the late 1930's. Major she~r zones and theit 
associated quartz veins are host to the moat important. 
gold deposits ln the Yellow~nife area, and several studies 
' 
have been undertaken in order to better understand the 
conditions under which gold-bearing 
chlorite-sericite-carbonate schists formed, including 
those of Boyle (1961), Kerrich et al., (1977), Kerrich and 
A 1 1 i s o n ( 1 9 7 8 ) ,. and K e r r i c h a n d F y f e ( 1 9 8 1 ) . 
'-' 
One of thQ two main gold-bearing ....... shear · zones nt 
Yellowknife strikes into Great Slave Lake, 
;-. 
exploration in the area (G. Gold~k. 
involved lacustrine 
and recent 
personal 
geophysJcal 
studies to delineate the shear zone under w:1ter and t o 
locate the extension ·of the gold-bearing zone under t;.e 
waters of Yellowknife Bay. 
This study , is cent.red on a series of shea r ' z n n ~>s orl. 
the Mirage Islands ln Yellowknife Bay, t h (• 
southern-most exposures of the volcanic rocks of th .. 
2 
Yellowknife Greenstone Belt occur. 
Objectiyps of Study 
The timing of .shear zone formation and the type and 
extent of chemical alteration in the major gold-bearing 
shear zones at ' Yellowknife have been .studied by Boyle 
_(1961); Kerrich et al. (1977J; Kerrich and Alli_~on (1981); 
and Karrich (1981), among others. The results of these 
studies provide the background for the present study, in 
which whQle rock geochemical--analyses and microprobe 
" analyses of minerals, together with oxygen isotope and 
fluid inelusion studies on samples from the Mirage Islands 
and the Octopus Islands are compared with the dat.a from 
the Yellowknife area. The analytical results are combined 
with geological data to produce a moftel for the formation 
and alteration history of the Mirage Island shear ~ones. 
Location and Access 
The Htrage Islands lie about 25 km south of 
I 
Yellowkn.ife, at the mouth of Yellowknife Bay. They 
comprise two groups of i~lands named the West and East 
Mirage Islands. They are · accessible by boat or float 
plAne from Yel~owknife. 
3 
Field work in the area was carried out during 10 davs 
in late August of 1984, and from mid-June to the end pf 
August 1985, under the auspic~s of the Ceo log'>' 
C . O.S.E.P. program of the. Department of Indian a nd 
Northern Affairs. Canada. Field work entailed dt"tailt>d 
(1:2200) geological mapping of the islands and syste~atl ~ 
sampling across the shear zones. Although the majority of 
·' 
t h'e map are a 1 i e s u n de r w ate r , the s h o r e 1 i n e expo s u r e 1 s 
superb, giving a clear 'view of various contact and 
intrusive r~lationships and of the shear zones whi~h form 
the subject matter of this study. 
; 
Ro&ional Geolo&y 
The Slave Structural , Province is located in-i the 
Northwest Territories (Figure 1.1), and covers an area of 
almost 190,000km2 (McGlynn and Henderson , 1972). It ia 
unde~lain by an Archean granitoid; basement dated between 
2.7 and 3.2 Ga (Easton, 1984), over which . lies a late 
Archean supracrustal succession of metav o lcanic and 
metasedimentary rocks, intruded by syn- and post.volc~tni c 
granitoids. ~ The supracrustal sequence has been named th ~ 
Yellowknife Supergroup by Henderson (1970), · and covers 
about half of the Slave Province . 
,. 
The evolution ' of the Slave Province is present ly under 
' 
4 
debate, and two ofttodels are currently b .eing considered . 
One ,i nvo 1 v'A.s extensional tectonics with continental 
c 
~ rifting , and the other calls upon compressive · tectonics , 
\ 
involving accretion of suspect terranes. Both models are 
described briefly below. 
Within the Slave Province five separate supracrustal 
terranes defined by large areas of turbiditic 
metasediments flanked by volcanic rocks of tholeiitic to 
calc-alkaline affinity - have been delineated by Padgham 
(1985) (Figure 1.1) . . · .. ~cc,ordin~ to the ' i rst model, these 
. 
terranes represent remnants of vo;J.canosedimentary basins 
which are believed t ·o have" formed by east:west extension 
of the basement, producing graben structures that were 
infilled by clastic material derived from the adjacent 
uplifted blocks (Henderson, 1981) . In this model, 
v o 1 c an i s m i s c. on s 1 de red t o have o c cur r e d as a r e s u 1 t o f 
extension along the steep faults bounding the basins. 
• 
In the second model, extensive areas of supracrustal 
rocks are thought to be essentially allochthonous with 
to the structurally-underlying Slave basement 
(Hoffman, 1986). Volcanic belts are consid4red to be 
Archean equivalents of accreted fore-arc com~lexes: and 
the extensive turbiditic sediments associated wi t h the 
. 
' -5 
' 
Fhure 1.1 Simplified ge~logical map of the Slave 
S true tura'l 
.. 
five supracrustal · Province, outlining the 
basins defined by Padgha.m (1985). Inset figure shows the 
location of the Slave Province in northwestern Canada. 
.. , . 
• ..
- - -~---
• ~ n 
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greenstones are compared to modern distal pelagic 
sediments (Hoffman, 1986). 
Proponents of ,_both models acknowledge that widespread 
---
granitic plutonism lar~ly postdated th~ deposition of the 
supracrustal units, and produced contact metamorphic 
aureoles in the surrounding country rocks , Most plutons 
f have yielded radiometric da_tes between 2. 5 and 2 . 6 Ga 
¥ 
(Ptdgham, 1985). Complex folding and faulting accompanied 
the earlier stages of post-depositional plutonism, and 
resulted if\ the rotation of the supracrustal sequences 
into th ei t pres en~, sub-vertical orientations . ,., The 
emplacement of the latest iranit~id bodies did not produce 
significant s tru-e tura 1 overprinting of the country rocks 
(King H a.l' . 1988). 
,, 
' ~ 
Detailed structural mapping 1.. required to 
discriminate between these two opposing models. 
The Yelloyknife Creonstono Belt 
The Yellowknife greenstone belt lies on the western 
margin of the southwestern-most supracrustal ba1in (Figure 
1. 1) . It: i1 exposed for over 40 km, extending northwards 
from the mouth of Yellowknife Bay in Great Slave Lak e 
The overall strike of the lithologies is NNE with tops 
-.. 
' 
8 
faciRg east, into the basin. 
~ 
The stratigraphy has be en defined by a number of 
workers, including Joliffe (1938, 1946), Henderson and 
Brown (1966) _, Henderson (1970, 1981), and most recently by 
) 
Helmstaedt and Padgham -(1_9 8 6). The stratigraphy of 
Helmataedt .and Padgham (1986) is shown in Table 1.1 and 
Figure 1 . 2, and is discussed briefly belo~. 
Stratigraphy 
Helmstaedt and Padgham . (1986) have subdivided the 
.f Yellowknife Supergroup at · Yellowknife into _three 
conformable groups, known ' as the Kam Group, composed 
mainly of tholeiitic basalts; the Banting Group, a 
calc-alkaline volcanic suite; and the Duncan Lake Group, 
made up of predominantly turbiditic metasediments (see 
Table 1.1). The Kam Grou~ unconformably overlies the 
Octopus Formation, a poorly-exposed unit composed of 
J 
metamorphosed volcanics and sediments which are 
interpreted t:o be part of an volcanic cycle 
(Helmstaedt .and Padgham, 1986) . Banting Gro u p 
1Utavolcan1cs and Duncan Lake metasediments interfinger 
and overlie the Kam Group (Padgham, · 1985 ; Helmstae d t a nd 
' Padgham, 198 .6) . 
c " 
'# 
... 
Figure 1.2 Geological 
. . 
' 
... __ 
map of Yellowknife Bay area, 
,_/ 
modified after Helmstaedt and Padgham (1986), showing ,the 
three 'main groups (the Kam, Banting and Duncan Lake 
Groups) of the Yellowknife Supergroup, the location'of the 
I 
Western Granodiorite (a phase of the Weste-::n Pluto11ic 
Complex), and the location of the major gold-bearing shear 
zones. The location of the Kam/Banting boundary l.n the 
area of the Octopus Islands (informally named) is 
presently under dispute. This map · shows the interpreted 
~oundary _ of Belletier 
That of Helmstaedt 
(personal 
(personal 
.., 
north of the Oetopus Islands. 
\ 
\ 
·~ 
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The basal Kam Formation is composed of sheeted ~abb ro 
dykes and pillow basalts. It is interp~eted to represen t 
an initi~l .Phase of rifting following extension of th<> 
basement (Helmstaedt and Padgham, .1986) . 
. 
On th~ east side of Yellowknife Ray lies. the Du ck 
Formation, which is dominated by pillowed basaltic fl o ws 
whose · chemistry is transitional between tholeiitic and 
calc-alkalt'ne trends (Cunningham (1984) in Helmstaedt and 
Padgham, 1986). The Duck formation may ·have originated 
co-
from a ·different volcanic centre to the Kam a n d Bantln K 
>· volcanic~. and has been included as part of the Duncan 
Lake Group by · Helmstaedt and Padgham (198f.) 
Tt:e supracrustal rocks of the Yellowknife area 11r• 
intruded biY a number of granitic plutons, including n 
composite granodiorite batholith known as the Wester n 
\ 
~lutonic Complex which li e s to the west of t he gr~enstone 
belt. ' The Western Granodiorite (Figure 1.2) is one phase 
of· the Western Plutonic Complex. • The earlies t phases of 
this be . synchronous Bant i ng Group complex may with \ .. . '· 
volcanism (Easton , 1984). 
/ 
• 
• 
' . 
• 
Tab h 1. 1 Simplified stratigraphy of the Yellowknife 
Crf!enstone Belt , after Helmstaedt and Padgham, 1986 . 
.. 
ip 
• 
.... 
~ . 
,.... 
. . 
~. -, 
unconformity 
Jackson Lake Formation 
(conglomerate) 
Duncan Lake Group 
(metaturbidttes) 
Banting Group - - - -
(calc-alkaline metavolcanic• 
and volcaniclaatica) 
Ka11 Group 
(tholeiitic metavolcanic$) 
unconformity ~~rrr- . , . _. r.~ 
Octopus Lake Formation 
(metavolcanlcs and metasediments) 
I 
~-
initiation of 
plutonism 
\. 
.. . 
14 
~ 
Unconformably overlying the ' Yellowknife stratigraphy 
is the Jackson Lake Formation, which is a conglomerate 
composed in part of granitoid c lasts derived from the 
lleatern Plutonic · Complex. The base of the Jackson Lake 
' .I 
Formation cuts down through the Kam Formation, and its 
deposition is believed to have been confined to a narrow 
fault - bounded channel (Helmstaedt and Padgham, 1986) . 
Structure and Metamorphisll 
The supracrustal rocks 
. \ Yellowknife def i ne at a 
homocline striking NNE and generally dipping steepl y to 
th,e east. • · The Duncan Lake Group metasediments are 
complexly folded and dip and young both east and west, 
... 
although the overall direction of y~_unging pr~serve d in 
1 
the more competent volcanic rocks is eastward , awa y from 
the llestern Plutonic Complex . To date no e'ridence for 
large-scale thrusting has · been found in t he Yellowknife 
Greenstone Belt (Helms taE:d t, personal commu nicat ion , 
1987). 
Metamorphic grade in the Yellowknife Gre e ns t one ~e l t 
is low to intermediate; mostly greenschist f ac i es e xce p t 
adjacent to ·th e Weste r n Plutonic Compl ex , wher e 
amphibolite fac i es a s sembl a g es o cc u r . . Meta mo r p hic \ain d ex 
.. 
• 
1 s 
minerals in mafic metavolcanics and intrusives inclu,\~, 
albite, actinolite, chlorite and locally horl)blendc, .ln<l 
in the metasediments include biotite, muscovite, and l 1• 
• 
places cordierite and andalusite, 
A series of steep, anastomosing shear zones~ 1•. 
developed in· the Yellowknife greenstone belt ( f 1 g u r ,. 
1. 2) . They strike both obliquely across and parallel t u 
the bedding. These ahear zones, which - are apatially 
associated Vith the Western P 1 u t .o n i c Complex ar.-
considered by Helmstaedt and "Padgham (1986) to have formed 
near the brittle/du-:tile transit~n zone between 
amphibolite and greenschist facies conditions. Helmstaedt 
' and Padgham (1986), observed that the shear zones define 
steep conjugate pairs,- and concluded· that they formed 
following eastward rotation of the volcanic sequence . 
Furthermore, Drury (1977) suggested that the 
bedding-parallel she a r zones probably formed durinp, 
tilting of the volcanics, 
' 
synchronous with granitoid 
intrusion. 
The shear zones the11selves var't in width from 10 to 
150 m, and display greenschist facies assemblages as a 
-result of retrograde meta11orphism within them . The s h e.'lr 
zone s forme d t h r o ugh s i m p le she a r , do m 1 n a t e d by d i p s I i p . .,. 
o f f s e t , w 1 t h we s t s ide up move me n t ( He n de r s on a n d B r 'J w n , 
.I 
16 
1966). 
Three deformational episodes, each associated with a 
characteristic geochemical signature, have been identified 
tn the shear zonea- .by Kerrich and Allison (1978), and 
Allison and Kerrich (1981) (Figure 1. 3). An early set of 
en:echelon sigmoidal quartz veins is interpreted to have 
developec;t coevally with the formation of ~he schistosity 
(Figure 1 . 3a). TheBe are barren quartz veins that are 
believed to have formed by the migration of 5102 in 
solution from the surrounding schists (Allison and 
Kerrich, 1~1). Fluid transport is considered to have 
occurred only on a local scale in thls early pha~e . 
The second deformational episode· within the shear 
zones involved hydraulic fracturing paral~el to 
schistosity (Figure ' 1.3b). Allison and Kerrich (1981) 
have shown that this could have been achieved under stress 
conditions identical to those interpreted for the first 
ph••• of deformation. Fracturing parallel to the 
schistosity produced dilatant zones in the shears into 
which large volume-s of fluids fl?wed and reacted with the 
.. 
suriounding wallrock. Kerrich (1981) has suggested that 
these fluids were derived from the products of prograde 
metamorphism at depth. I 
the Western Plutonic Complex, 
~ 
~ 7 
I 
I 
\ 
circul~ting about 
believed to have . 
17 
intruded coevally with shear zone 
~ 
formation (Drury , 19 7 7 ; 
Helmstaedt and Padgham, 1986), m'1 •'so have contribut.•d 
to alteration In the shear zonef) 
Phase two quartz veins are gold-bearing, and "re 
surrounded by alteration haloes distinguished by reduc- e d 
/ 
Fe and extensive sericitization (Kerrich, ' 1981 ; Allison 
and Kerrich, 1981; Kerrich et al,, l977a). Typicall y , 
fluid:rock ratios of the order of 150:1 or _more ha~e been 
calculated for this ph.:£se of shear :z:one alteration 
(~errich et al. 1977a) . 
In the third deformational event, further displacement 
~long the shear zones ~reduced joint~ normal to the 
schistosity, which were infilled with gold-bear i ng quar t z 
veins (Allison and Kerrich, 1981) (Figure l. 3c). Mater i a l 
in these veins is believed to have been remobilized from 
phase two quartz veins (Kerrich and Allison, 1978) . 
4 
Near Yellowknife, I the second and third generations of 
quartz veins in the Campbell and Giant Shear Zones are 
being mined, and to date they have produced over 330,00 0 
kg of gold (Padgham, 1983). 
Late Proterozoic sinistr a l faul t ing has offset th ~ 
I 
.... 
F1iyrr. 1 .]_ Schematic diagram showing sequence of quartz 
vein formation •. ,ithin maJor shear zones at Yellowknife, 
from Kerrich and Allison (1978), and Allison and Kerrich 
(1981). 
a) initial en-echelon quartz vein formation, resulting 
from local migration of Si02. 
l 
b) schtstosity-paral.lel gold-bearing 
resulting from hydraulic fracturing. 
quartz veins, 
c) gold-bearing quartz veins filling joints at high angles 
to schistosity, resulting from continued displacement 
along shear zone . 
< 
l' 
c 
' 
J 
\ 
~ 
\ 
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rocks and the gold-bearing shear zones in the Yellowknife 
I 
area (Figure 1.2), so 
Campbell Shear Zone lies 
that the . 
s omew.he re 
COQtinuation of 
, 
under the waters 
the 
of 
Yellowknife Bay. The Mirage Islands and informally name~ 
0 c top u a I • lands ( Figure 1 . 2 ) are the on 1 y outcrop 1 n the 
.. 
. region of the inferred extension of the shear zone, and so 
represent the simplest "( and-cheapest means of sampling in 
the ~·a .. If ~inor shear zones o~ the islands s h ow 
similar types of alte.o:-ation to those of the large shear 
/ 
zonas near Yellowknife, it may be" inferred that both were 
formed during the same 
~ 
structural event and ~nderwent the 
same physicochemical processes which produced the major 
concentrations of gold near Yellowknife . 
Hira&e Islands 
The Mirage Islands comprise the sou.thern-most 
• 
exposures of the Yellowknife Greenstone Be 1 t . The 
bedrocks consist of a · suite of calc-alkaline rocks 
correlative with the Banting Group. 
Lithologies on the Yest Mirage Islands st r ike 
east-west, and dips are steep . Beds generally young to 
the north, with a few ltcal reversals. S t .r ike s on the 
East Mirage I s lands are variable, with a dominan t t r end' 
nearly north - south . the East Mirage Isl a n ds a re 
, 
21 
smaller and more wideLy spaced than the w~st Mirag~ 
Islands, most units could not be interpolated betwt!en 
islands, or between the two groups of islands . 
.. 
Kira&e Island Map Units 
The stratigraphy of the Mirage Islands is shown it• 
Figure 1.4. Units are labelled numerically according to 
their relative 6nd t;o cross-cutting 
relationships. There are some gaps in the stratigraphy 
due to lack of exposure between the islands. No att~empt 
has been made to correlate with Banting Group stratigraphy 
because the closest exposure of Banting rocks lies 22 km 
to the north, an\ distinctiv~ marker units do not occur . 
The rocks exposed on the West Mirage rslands have been 
informally named the Mirage Formation by the author (R•lf, 
l986a), and are considerea to be part of the Banting 
Group. Two maps showing the geology of the islands and 
sample locations are presented in the back pocket of the 
_.,.. 
thesis, and• detailed geology maps are available as open 
file maps from the Department of Indian and Northt1rn 
~ 
· Affairs, Canflda, in Yellowknife (Relf, 1986b). 
.[ 
Stratigraphy of the West Mirage Islands . . The 
exposed base 1 s dominated by mafic tuffs and 
volcaniclastic ro.cks, overlain by more than 1500 metres 
(possibly thickened by folding) of felsic to intermed~ate 
tuffs, tuffaceous sediments, and fragmental volcanic las tic 
rocka, interlayered with minor basalt flows. and intrudeq· · 
by gabbro dykes. This sequence is topped by 
thinly-bedded, isoclinally·folded tuffs and tuffaceous 
sediments. 
I.egend: 
\ 
-~ · dominantly mafic tuffs 
.. . ::---. .. 
· mixed felsic and intermedi~te volcaniclastic 
. 
. . 
rocks, tuffs, tuffac~eous sediments 
· pillowed basalts (tops N) 
1::1 - gabbro 
· plagioclase porphyry 
~ - quartz crystal tuff (porphyry?) 
I 
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Unit 1 
Mafic volcanic rocks of basaltic to andesitic 
composition comprise Unit 1 . The southern-most West· 
Hiqage !a lands, at the base of the exposed section, are 
. 
almost entirely composed of well-bedded mafic tuffs. In 
three localities, tops were found to face north. Bedii dip • 
. . 
steeply north and south, with bedding overturned in 
places~ 
In the top half of the stratigraphic sectio?, pillowed 
' 
and massive flows are- intercalate~ .with felsic to 
intermediate volcaniclastic rocks (Unit 2). Where the" 
pillows a 're not too deformed , the flows can be seen to 
young towar~s the north. Recrystallized quartz amygdules 
are· common in both the massive and the pillowt.d flows, and 
locally mafic amygdules of actinolite +/· chlorite 
+/ - biotite are present. 
'1 
A number of pillowed flows are overlain by pillow 
breccia. The"se breccias consist of broken fragm~nts of 
pillow selvages supported in an aphanitic, mafi c 
groundmass. Generally the pillow breccias are less than a 
metre or so in thickness. 
4·' 
Unit 2 
Unit 2. which consists of intermediate to felsi c 
volcaniclastic rocks, encompasses a of 
11 tho 1 o g i e s ·and can be s u.b d i v 1 de d f n to a number of 
sub-units. ~~11-bedded tuffs and tuffaceous sedi men~ s 
comprise a large part of Unit 2. The tuffs are compo s ed 
of very fine grained material of intet:mediate to felsi c 
composition, and locally such sedimentary features as 
normal graded bedding, flame structures , 
cro~s-stratification, and in one place, slump structurP.s 
can be seen (Figure 1. 5). Where such sedimentary features 
I 
are displayed, the rocks are interpreted to be reworked 
aquagene tuffaceous sediments. 
Tops are preserved in places in the tuffaceous 
s e d i men t s , • and a r e found t o fa c e b o t ~ no r t.h a n d· s o u t h , 
i.ndicating the presence of tight to iso c linal folds . .. 
Bedding is steep and locally overturned . 
Fragment~l 
part o"f Unit 2 
vo~Je;astie rocks make up' a signlft e a n t 
(see F~gure 1.6). Their compositi~ns var y 
from felsic to intermediate, and the fragments ran g e in 
" 
I 
/ 
Fi~ure 1 ' 5 
sediments . 
. , 
Soft sediment features in tuffaceous 
a) Flame structures in tuffaceous sedim,ents, West Mirage 
Islands . Pencil is approximately 15 em long. 
b) Slump structures in tuffaceous sediments , West Mirage 
Islands. Lens cap is 5 em in diameter. · 
' 
).,7 
f1g.ure 1. 6 Fragmental volcaniclastic unit. 
a) Intermediate lapilli 
flattening parallel to bedding. 
15 em long. 
tuff, fragments showing 
Pencil is approximately 
b) Intermediate volcanogenic unit containing block-size 
fragments. 
to bedding. 
Pencil (approximately 15 em long) is parallel 

I 
30 
I 
size from lapilli · to : blocks up to 30 em or more in 
diameter. Lapilli tuffs are most common. 
In general, the fragments are more felsic than the 
surrounding matrix, and appear as buff-coloured clasts 
which weather'higher than the groundmass. 
The appe-arance of the fragmental volcaniclastic rocks 
varies considerably. So me are well-bedded, 
matrix-supported units, with bedding thicknesses of 2 to 
20 em. Others contain irregularly-shaped lapilli (and 
locally blocks) in massive layers 1 to 5 m thick with 
weakly defined internal layering. These may be matrix- or 
c las c ·supported. 
I 
I 
A unit containing angular to sub-rounded, 
poorly-sorted, heterog~neous volcanic 'clasts supported in 
an ash matrix is 
41 
present: in a 'few localities 
(Figure 1.7). This unit shows little or no internal 
sorting, typically is less than 2 metres thick, and rarely 
' extends for more than 15 • 20 m .• In the field it was 
called a volcanic breccia, although its origin is 
uncertain· It may either be the re$Ult of exp l osive 
volcanism, or it may be a laharic breccia. \_ 
Other lithologies in Unit 2 include a quartz · crystal 
. 
.. 
/ 
Figure 1 . 7 Heterogeneous, polylithic volcanic breccid 
(Unit 2) . Diameter of lens cap is 5 .em. 
\ 
Figure l.B Plagioclase porphyritic dyke (3) intruding ·an 
intermediate volcaniclastic rock (2), and cut by a later 
gabbro (5) . Width of photo covers approxi~ately 5 m . 
17 
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tuff (flow?b, and a few thin (5 • 10 em) cherty horizons 
which may be either sedimentary cherts or sll1cified 
s~diments or tuffs. 
I 
Unit 3 
Unit 3 consists of a felsic, aphaniti c, 
plagioclase-porphyry which- both cross-cuts and i n pL• r. e !_; 
• 
is conformable with the bedding. Where conformable it is 
uncertain whether this unit is intrusive or extrusive·. 
This unit is cross cut by gabbro , but locally ln t r ud~s 
. the volcaniqs (Fi.gure 1.8), and so is interpreted to b e 
late syn-volcanic in age. 
Unit 4 
Unit 4 is composed of a 
r 
series of aphaniti c lfelsi c 
dykes less that 1 111 
low angles. T~se dykes weather buff to pink, and 
' 
in width which cut the . volcan i c s II t 
a r e 
commonly flow-banded parallel to their margins . 
Unit 5 
Unit 5 consists of dykes and sills of gabbro ic t o 
dioritic compoisit i on . Gabbro i s a field t erm c o mmo n ly 
' 
J 
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applied in the Slave Province to mafic intrusive rocks 
that are spatially asociated with volcanic packages (e.g . 
Bostock, 1980,,Helmst_aedt and Padgham, 1986, Helmstaedt ll 
A.l...... 1986). It is used here to describe unit 5, tfe'J'en 
where albite is the dominant plagiocla~e composition, and 
lgn~oua plag~oclase is not recognized. 
At least four generations of gabbroic intrusions have 
been identified in the 
-· 
... 
area, and cross-cutting 
relationships indicate . that dykes striking between north 
and nor the as t are the youngest. Plagioclase- porphyr.i tic 
gabbros are fairly common, and locally contain zoned 
plagioclase phenocrysts as large as lOXlO em on the 
outcrop surface (Figure 1.9). 
Near the bottom of the tl volcanic pile, 
intruded in places by felsic dykes of Unit 4. 
gabbro is 
Higher up 
in the section, 
Assuming that 
Unit 4 is consistently cut by the gab~ 
all of the felsic dykes are coeval (in 
contrast to the gabbros which intrude one another, the 
fel•ic dykes show no crosscutting relationships with other 
felsic dykes.), then the gabbro dykes near the base of the 
pile represent a~ early phase of mafic intrusion, and may 
be feeders to the mafic flows higher up. 
• 
I 
-
l 
' / 
1.9 Gabbro dyke bearing zonefilr plagioclase 
megacrysts in pl~ces up to 10 em across. Diameter of lens 
.( 
cap is 5 em . 
.,, 
3t., 
Unit 6 
l:]nit 6'\ is a • intrusive unit vary 1 n 'g 1 n 
' 
composition from a tonalite to a gabbro. The end meu1be r 
compositions are distingu~shed by the greater mo clul 
abundance of quartz (>20') and ·fe~er mafic minerals (abo u l 
10 to 20\ in t~e former), and a iower quartz content (~ 5 \) 
and greater mafic content (>35t) ' in t.A.e latter. The 
western-most West Mirage Islands are intruded by unit 6 . 
Contacts between the gabbro and tonalite are locally 
gradational and poorly-defined. Elsewhere. younger 
gabbros cleariy intrude the tonalite-gabbro. 
Unit 7 
Unit 7 is a foliated I leucocratic · granite to 
g_ranodiori te, and is exposed as rough.ly n~~th-south 
... 
striking veins up to one metre ~n width on th~ western· 
most We'st Mirage. Islands, 
supracrustal rock~ on the 
These veins crosscut the 
islands, but \ locally are 
·.intruded by thll you.ngest northeast-striking gabbro dyke's. 
Th·e extrapolated extension of the 1Jestern Plutonic 
Complex' in Great Slav" Lake lies 5 km we s t of the 
~est Mirage . Islands. exposed 
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fa~ther north, granitoid veins extend between 200 m and 1 
km inco the adjacent volcanic rocks (Hender~on and Brown, 
1966) . This implies that: 1) the contact of the Western 
Plutonic Complex -does not continue ssw, but'" swi n gs 
e as twa r d towards the We s t Mirage I s 1 and s ; or 2 ) the r e. i s 
anot>her plutonic body nearby which is locat-ed near the 
western-mos.t West Mirage Is}ands. 
U_nit 8 
Un~eformed diabase dykes comprise Unit 8. In the 
" Mirage Islands, these dykes are typically · less than 1 
metre in width, and strike between north and northwest. 
They weather a distinct rusty brown colour, typical of 
Proterozoic diaba3e dykes exposed elsewhere in · the Slave 
Province. 
Structures in the Kiraie Islands 
In the West Mirage Islands, the lithologies strike 
east-.west, with tops facing north, implying the presence 
of a large fold in Yellowknife Bay (Figure 1 . 2) . 
Lacustrine seismic studies (G. Goldak, personal 
communication, 1987) have outlined a sharp bend in the 
~ 
• t r u c t u'r·ll trend which accords w i t h this 1 n fer red f o 1 d . 
• 
Neither axial plan~'~je\e'avage nor minor asymmetric folds. 
. .. f -~· -~ 
spatially associa~~"d· wLth the axial. trace of the fold wert-
found in the area, al~hough Qn the western-most islands n 
strongly developed, east-west trending, steep foliation ls 
present. This fabric implies a north-south direct~d 
subhorizontal stress field, and may have res~lted from r h,• 
intrusion of a plutonic body to the south of the lsl11nds 
The p r e sen c e . o f s u c h a body c o u 1 d e xp l a i n the s h a r p . 
pinched shape .of the fold in the vo 1 anic be 1 t, and also 
the presence of abundant · granitoid veins on the west~rn 
:nost islands . Because these granitoid veins are locally 
cut by gabbro , i t 'i s be 1 i eve d t h a t t h i s in f e r red p l u ton l s 
temporally related to the Western Plutonic Complex, which 
is late syn- to p"ost- Banting Group in" age (Easton, 1984) . 
-Tight to isoclinal folds were observed in tuffaceous 
metasediments of'Unit 2, wlth half wavelengths of abou t 1 
metre. These folds are correlated with the Fl f ~ lds 
farther north in the volcanic belt . An associated Sl 
foliation in the volcanic rocks is weakly devel o pe d t o 
absent . 
Exposure in the East Mirage Islands is sparse, wit h Jn 
average strike of bedding approximately north-s uut h 
(Figure l. 2). A weak foliation is present a n d 
subparallel to bedding. 
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Shear Zones 
The shear zones in the Mirage Islands are similar to 
\ 
those at Yellowknife in that they strike pearly parallel 
. to bedding and dip steeply · to vertically (Figures 1.10 
and 1.11) The mean strike of the she'ar zones is 098° 
(Figures 1.12, 1.13) . Locally shear zones cross-cut and 
offset one. another, although apparently no one orientation 
of shear zone is consistently younger than the others . 
This suggests that they formed more or less synchronously . 
. Because most outcrop surfaces on the islands are near-
horizontal and the ~hear zones dip subvertically, 
- · '-., 
kinematic tndicators for dip slip movem•: nt were rarely 
observed . Locally, moderately plunging mineral lineations 
(mainly of chlorite) are exposed on the schistosity planes 
within shear zone bound,aries. Elsewhere, offsets of units 
across the shear zones were employed to determine the 
.. magnitude and direction of displacement in t:he horizontal 
plane, although the amount of dip slip offset could not 
generAlly be determined. 
Most shear zones on the Mirage Islands are between l 
and 5 wide and are characterize d by retrograde 
41 
assemblages with respect to the surrounding rocks . Th\'Y 
commonly contain anastomosing 
subparallel to the schistosity, 
quartz veins which 
' and less commonly contain 
carbonate veins which transect the schlj~toslty at low to 
moderate angles. Locally less deformed augen are 
preserved within the shear zone boundaries, and 1\ r fl 
characterized by assemblages which are less hydrated t. h .1 n 
the surrounding schistose rocks. 
She'ar · zones cutting gabbro are more abundant thAn 
shear zones in the volcanic rocks, perhaps indicating that 
the supracrustal rocks deformed in_~_ductile manner b y 
folding, whereas the more competent gabbros deformed by 
faulting and shearing. 
~ 
A shear zone cutting a felsic lapilll metatuff (Uni t 
2) on one is land displays a protomylonitic texture. 
Offset in the plane of the outcrop is approximately 30 em 
.. 
in a dextral sense . Elsewhere, shear zones cutting the 
felsic volcanic rocks are marked by steeply-dlpplng 
s c h is to s e z on":, s , s 1m 11 a r 1 n a p p e a r an c e to she a r z one s 1 n 
gabbro. 
Near Yellowknife, the shear zones strike parallel to 
the CQntact of the Western Plu'tonic Complex , whose 
intrusion is believed to have initiated the deformat i on 
fi&I.!U l(, 1 Q An as tomo sing shear zone 1 metre in width 
hosted in gabbro. Note the less deformed 
( 
augen preserved 
in the .shear zone. Scale is 9 em long. 
------- -··- - ·----·-------·-·-··---
.. 
··--·· 

- ---------~-¥ 1 iUU 1. ll 5 m ~-1-~ ~- _ she a r tone in mafic f 1 ow , w 1 t h 
• discontinuous a n ·a s t o m o s 1 n g quartz veins 
subparallel to schistosity . Hammer 
approximately 1 m long. 
1; 
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.) 
Fi&ure 1. 12 Rose diagram showing th~ range of shear zone 
orientations in the West Mirage Islands. Dip of the shear 
zones is essentially vertical. n - 34. 
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Fi&uce 1.13 Map showing distribution of shear zones on 
the West Mirage Islands. Bar scale is 500 m. 
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that produced the shear zones (Helmstaedt and Padgham, 
1986; Drury, 1977). In the West Mirage Islands, the shear 
z o n e'. have a me an s t r ike n e a r e as t - we s t , and a p 1 u ton i s 
inferred to lie south of the islands. It is possible 
therefore, that a similar shearing mechanism was op•rative 
in the Mirage Islands. 
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CHAPTER 2: METAMORPHISM 
lntroduc tion 
/ 
The~}ellowknife Greenstooe Belt has '.', undergone reglonRI 
~· 
a c c o m p a n i e d :> .v gre'enschist facies metamorphism, 
am~hlbolite facies contact met~~orphism adjacent to largr 
plutonic bodies (Henderson and Brown, 1966) . Rocks on th4' 
M i r a g e - - I ·5 1 a n d 5 s -im i 1 a r 1 y . r e c o r d evidence of 
mtltamorphic events; an amphiboli-te facies contact thermal 
event, and a regional greenschist facie~ event. Mineral 
texture• ind.icate that the greenschist facies assemblagrs 
equi..librated after amphibolite facies assemblages on the 
'Mi.rage Islands, although the onset of greenschist faci e s 
metamorphism may have . been synchronous with, or even 
predated the amphibolite facie~rnetamorphlc event . 
Samples from each of the seven Archean units were · 
... 
ex.:lmined i-n thin section. Although primary structures 
such as bedding and igneous textures are pres e rved, the 
mineral assemblages, .especially in the mafic rocks, are 
essentially me ::amorph ic. Glassy fragments in the fel~ic-
volcaniclastic rocks are dev1tr1.f1.ed, .1 n d 
aphanitic·texttred voicanlc rocks contain fine grained 
metamorphic assemblages. In many cases, 
analysis of minerals in the fine grained, rocks I s 
' · 
. : 
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difficult, and thus the majority of analyses are from the 
coarser-grained gabbros. 
·-
• 
Mineral assemblages from the map units in the Mirage 
.Q 
. \ 
Islands are gi,en in Table 2.1. 
' 
The mafic tuffs are composed of very fine grained 
plagioclase (partly _ replaced by epidote and calcite), mats 
. " 
of ' intargrown actinolitic hornblende and actinolite, 
chlorite, biotite, and minor 
• 
disseminatfd py_rite 
(Figure 2.1) . This as·semblage · indicate~ a 'metamorphic , 
grade between upper greenschist and lower amphibolite 
facies conditions. 
The mineral ·assemblage . of the b'asalts is . indicative o,f 
.greenschist facies conditions .• 
,. , .. 
Earliei'~plagioclase is 
~eplaced by oligoclase + albite + epidote +/- white mica . 
Mafic minerals comprise 
. t 
. ~ 
about SO\ of · the rock,· and; are 
predom.inantly actinolite, chlorite and mino·r biotite. In 
the f 1 e ld, some brown-we a the red ort:hopyroxene was found in 
one locality, and is interpreted to be ' igneous in oTigin. 
Minor calcite is present, and ti:'ace amounts (<1%) of 
pyrite are disseminated t:hrough the rocks. 
, 
• 
Table 2 . 1 Comparison of the mineral assemblage(s) in each 
rock type found on the Mirage Islands. 
\ 
• 
·. 
Unit • 
1 
1 
3 
4 
5 
6 
7 
Rock Type 
!leta• 
mafic tuff 
Mineral Assemblage 
albite to oligoclase + actinolite (+/-
act:1nol1t:1c . hornblende) + chlorite + 
epidote + quartz + calcite +/· sericite, 
biotite, pyrite, sphene 
albite to 
hornb-lende 
epidote +/· 
sphene 
oligoclase + actin.olite to 
+ chlorite + biotite + 
calcite, quartz, pyrite, 
felsic to quatEz + plagioclase 
intermediate biot1te + muscovite +I -
+ K· feldspar 
chlorit 
+ 
e ' 
met a· act !noli te, ap bene 
volcaniclastics 
plagioclase 
porphyry 
felsic dykes 
aetagabbro 
oligoclase phenocrysts, ground11aas 
quartz + feldspar* + biotite + chlorite 
+/- pyrite 
aphanitic to very fi~ne grained quartz ~ 
feldspar* + minor muscovite, biotite 
greenschist facies: albite + actinoll L ~ 
+ chlorite + epidote + quartz + calcite 
+/- 11ricita, biotite, pyrite · 
amphibolite facies : labradorite · + 
hornblende to actinolitic hornblende + 
epidote + qua:t· tz +/· calcite, 
·actinolite, chlorite, clinopyroxene , 
pyrite, sphene 
tonalite 
to 
gabbro 
grant te eo . 
granodiorite 
albite to oligoclase + quartz + 
hornblende + actinolite + biotit-e;, +/-
chlorite, sphene 
albite to oligoclase 
actinolite + quartz 
sphene, epidote 
+ hornblende + 
+/· chlorite, 
albite to oligoclase + quartz + 
K • f e l d s p a r + b i o t i t e . +I • c h l o r-!"'t e , 
sphene 
* ·groundmaaa too fine grained to distinguish! plagioclase and K· 
feldspar optically. 
... 
The mineral assemblages of the felsic to intermediate 
volcaniclastic rocks are difficult to distinguish in most 
samples, due to their very fine grain size . 
.. 
Howev e r . a 
few of the samples are sufficiently coarse-grained that 
individual l}linerals can be recognized in secti o n . 
Quartz, plagioclase and K·feldspar together comprise in 
general about 60 80\ of these . rocks, the rest being 
. very fine grained biotite +/· chlorite +/· muscovit~ 
(Figure 2.2), which commonly define a composi~ional 
layering interpreted to be bedding. This assemblage is 
indicative of greenschist facies met a morphism . In 
mica-poor rocks, this layering may be defin~d by different 
grain sizes of the minerals, and diagnostic 
assemblages of metamorphic facies are not present. 
The felsic plagioclase porphyry unit (unit 
cont~ins randomly-oriented oligoclase phenocrysts 1 -
3) • 
t 1 . 5 
mm in length which are partly alte.red to sericite and 
epidote. The groundmass is colllp'osed of about 85\ quartz 
and feldspar (the feld8par is too fine grained t o 
distinguish plagioclase from 1<-feldspar in thin sec t!. on) , 
and 15\ intergrown biotite + chlorite. The micas define a . 
moderate foliation visible in thin section, and are 
concentrated in the pressure .shadows of the phen o crys t s . 
Fine grained pyrite is spatiall~ ·associated wl t h the 
F1 ~Y re 2. 1 Fine 
with intermediate 
albite, chlorite, 
g r a i n e d m a ·f i c t u f f ( top ) in t e r 1 aye r e d 
tuff (bottom). Mineral ~b~age i s 
epidote, biotite, and minor !l~nolite 
calcite and quartz. Plane polarized light. Bar scale is 
1 mm long . 
Inte rme dia te fragmen t;al volcaniclastic rock. 
Clasts are made up of quartz (80\) and recrystallized 
11th ic fragments (20\). Matrik consists of very fine 
grained quartz + plagioclase + K-feldspar + muscovite + 
minor biotite + chlorite. Plane polarized light. Rar 
scale is 1 mm long. 
.. 
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biotite. The coexistence of chlorite andUtiotite implies 
a metamorphic grade between mid greenschist and lower 
amphibolite facies. 
The gabbro dykes are hydrated to varying degrees, and 
mineral ••semblages record metamorphic conditions ranging 
from greenschist to amphibolite facies. A typical 
greanachist facies assemblage in gabbro consists of 
albite, a c t 1 no li.t e , chlorite, epidote, sericite, minor 
quart~, calcite, 71- trace amounts of biotite , sphene, and . 
pyrite. Amphibolite facies gabbros contain labradorite, 
hornblende, sericite, minor actinolite, chlorite, calcite, 
epidote and quartz,+/- traces of sphene and pyrite. This 
is not an equilibrium assemblage, and an ex<lmination of 
the minerals .reveals that chlorite, calcite and actinolite 
are replacing hornblende and epidote. 
Most of the Mirage Island gabbros contain ane of these 
two assemblages, although a mineralogical continuum exi~ts 
between the two end members. Petrographic textures show 
that the greenschist facies minerals are replacing the 
amphibolite facies assemblage (Figure 2. 3), implying an 
early medium to high grade metamorphic event, followed by 
a retrograde \event in which complete equilibrium was not 
achieved in all samples. Perhaps the coarse grain size of 
Figure 2 3 Me tag a bb r o show i n g p a r t i a 1 a 1 t e r a t i on o f 
amphibole (am) to chlorite (chl) and plagiocla'.le (pl) t:o 
sericite (ser) and epidote (ep). 
a) Plain polarized light 
b) Crossed. po\ars 
Bar scale is 1 mm long. 
hO 
the gabbro relative 
structural anisotropy (such as bedding or cleavage) along 
which hydrating fluids could penetrate has ensured the 
preservation of the amphibolite facies ' assemblage 
·, 
locally. 
The tonalites are distinguish\:ld from the gabbros Ly 
the smRller proportion of mafic minerals (20·30\) , and by 
the presence of more than 20\ quartz . PlagioclM s P 
composition ranges from A no to Hornblendt>: , 
actinolite and biotite, (the latter locally replaced in 
part by chlorite) ma1ce up the mafic component of the 
rock . . The tw'b amphiboles appear to be in equlllbriu111 , 
indicating lower amphibolite facies metamorphic 
conditions . 
Mineral Chemistry 
Plagioclase 
Although the quality of some of the microprobe data is 
suspect (see discussion · in Appendix A), it is sufficient 
to show that the plagioclase has a bimodal distribut i on o f 
anort:hlte content, with one mean near the albite· 
' oligoclase boundary, and anoth e r in the labrado r i t e r ang e 
(Figure 2.4). 
( 
F1 ~ure 2.4 Histogram of plagioclase .compositions 
determined by microprobe analyses from unsheared metabasic 
rocks (top half) and sheared metabasic rocks (bottom hal~) 
from the Mirage Islands. Unsheared plagioclase grains 
have a bimodal distribution of An content, and 
petrographic 
the more 
assemblages 
textures indicate that assemblages bearing 
calcic 
bearing 
plagioclase are being 
more sodic plagioclase. 
replaced by 
Plagioclases 
from sheared samples are sodium - rich. 
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The basic volcanic and volcaniclastic units are 
characterized by abundant micas (especially chlorite), a 
paucity of amp_hiboles, and plagioclase compos_i tions near 
. 
albite, although plagioclase phenocrysts not uncommonly 
preserve compositions of An20-25· The plagioclase 
composition then, compatible with the greens~hist 
facies mafic minerals present. 
The gabbros, ' which have been subjected to the sa me 
greenschist facies metamorphic event, have locally 
preserved more calcic.plagioclase (as high as An67 in one 
sample); less modal chlorite and concomitcfntly more 
amphibole; and in one thin section, some relict 
clinopyroxene. These features attest to the· lower 
permeability of these rocks, and thus to less exte-nsive 
reaction with hydrothermal fluids. 
The more , calcic plagioclape (andesine-labradorite) 
• 
preserved .in the unsheared gabbros 1~ indicative of middle 
amphibolite facies metamorphic conditions. whereas albite 
' is characteristic of greenschist facies. The bimodal 
distribution of plagioclase composition may be explained 
by two distinct metamorphic events, in which an 
amphibolite facies metamorphism was followed and 
overprinted- by a gre•nschist facies event. I t i s . p o s s i b 1 e 
··~ ~at . tho most calcic plagioclase (defining a minor peale 
'• 
between An6o and An7o) is relict igneous· plagio~lase. 
Throughout the Yellowknife Greenstone Belt, regional 
gr~enschist facies metamorphism is recognized, and 
amphibolite facies aureo~ are spatially associated with 
large plutons (Henderson and Brown, 1966) Although th~ 
lower grade regional metamorphism may have b~gun,bef?r• or 
. .. 
during pe#-k contact m~tamorphism, no evidence was found 
from the Mirage Islands that the greenschist facies evrnt· 
bracketed the time span of the amphibolite fa~ies event . 
Amphibolite facies assemblages, where they are preserved , 
are ·partly replaced by, and therefore predate greenschist 
facies assemblages. Thus, the amphibolite grade 
metamorphism is referred to a·s ·Ml, since it is the first 
.. ~ 
"------ . 
recognizable metamorphic 
greenschist fa'cies e.vent 
.important to' recognize, 
in~tiated before Ml, and that-the regional metamorphism of 
the area is called M2 because lt outlasted and overprinted 
contact metamorphic (Ml) assemblages (Figure 2.S). • 
The ave rage ·· p 1 a g i o c 1 as e com p o s i t ion in s he a r e d ' roc k s 
is that of alb.ite (near Anos: tlgure 2.4), which is, 
compatible with the .greenschist facies mafic minerals 
pres e rved in the shear zones . It is inferred froru this 
1 that the shear zone a ssemblages equilibrated during 
... 
, 
~ . 
---
Schematic tempera:tur$ vs time graph showing 
the ·relative timing of IH and M2, as recorded in the 
' ' • 
Mirage Ml represents amphibolite facies 
metamorphism, most likely caused by the intrusion of the 
inferred 
__ , pluton, the - Western Plutonic Complex., or or 
b.o th . Peak Ml metamorphism was followed · by regional 
gree~schist facies 'metamo'rphism (M2), which overprinted 
' 
amphibolite faci~s assemblages. M2 may have -begun during 
or before M.l, as indicated by the dashed line ·. 
"' 
Temperature 
--
-----
M1 M2 
Time 
'. ' 
'• 
J , 
F1 gure 2. 6 c,omp~sition ' of amphiboles from unsheared 
gabbros (dots) and sheared gabbros (X's) from the Mirage 
Is land·s; Abbreviations: trem-hble tremolitic 
. 
· hornblende, act-hble - actinolitic hornblerj.de, tscher-hble 
tschermakitic hornblende. Diagram from L~ake .• , 1978 . 
... 
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greenacpiat facies (K2) metamorphism. 
Amphibole 
Microprobe analyses of amphiboles yielded compositions 
ranging from ferrotschermakite to actinolite (calculated 
after the method of Leake, 1978; Figure 2 . 6). The former 
coexists with andesine, but. the latter occurs in 
11aaociation with both albite and labradorite, making it 
difficult . to predict the ca.;; content of plagioclase from 
amphibole composition, 1 and vice versa. How_e..ver, the 
e.xtent to which the amphibole is altered to chlorite 
correlates well with the An content of the plagioclase. 
The most calcic plagioclases occur in as~ociation with the 
lea~t hydrated amphlboleL, and the most sodic ~lagioclases 
occur in more chloritic assemblages (see Table 2 . 2). 
Amphibole is rarely , preserved in the shear zones, 
having been hydrated to chlorite. Howeve~, local low 
strain augen within the shear zones contain hornblende or 
ferrotschermakitic hornblende. As in the unsheared rocks, 
the highest An contents of plagioclases occur in those 
parts of the shear zones that have undergope the least 
amount of deformation and hydration, and that contain the 
largest modal quantities of amphibole . 
.. 
Table 2. 2 Comparison 
of plagioclase w(th 
of the 
the 
,. 
mean a north i te 
composition of 
(An) c'ontent 
co-existing 
amphibole , 
amphibole. 
and the ' amount of chlorite replacing the . 
Chlorite con t ent and An composit i on show a 
· good correlat.ion, with the most sadie plagioclase 
occurring in the most chloritic assemblages . 
... ~·· 
L1 tho logy An(plag) (ave) Amphibole 
-- (Sample no.) 
-· 
CWM-141A An61 act-hbl 
C\olM-160A Ans7 act, act-hbl 
CWM-35A Ans4 act-hbl; hb1 
C\olM-142A An so act, act-hbl 
C\olM-82 An so act, act-hbl 
CWM-127 An35 fer-tsch 
CWM-41A Ant2 act 
CWM~34A Anl2 act, act-hbl, 
CWM - l49A Ano9 act-hbl, hbl 
CWM-83 A nos none 
CWM-163A Ano4 act-hbl 
Data arranged in order of increasing albite content. 
.... 
·o 
' 
Chlorite 
replacement 
5\ 
7\ 
11, 
15, 
<St 
<2\ 
33\ 
hbl 21\ 
13\ 
99\ 
22\ 
• 
' 
1; 
; 
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Pressure. Ieaperature Determinations 
Ceo thermometry 
In this section, calculations of 
, 
equilibrium 
temperatures are made using mineral c1o m p o s i t 1 on s 
determined by microprobe analysis. As discussed in 
Appendix A, some probe results were found to have fairly 
significant errors, thus only plagioclase ana. lyses· with 
weight ' totals between 98 and 102' wer'-e used · in the 
following Cflculations . Those inside this' range but 
-outside the range 99 101 • are indicated with an 
asterisk ( *) • and \ have larger temperature errors 
associated with them. 
• 
Spear (1980,1981) , definad ·I I a gao thermometer whi;ch . ls 
based on 
\ 
the distribution 
\ 
I 
the in 
of Na between plaglocla t • ·. and 
amphibole to determine the . ~empe.r1ltrr•. of · 
. . . - .. • I ' . 
A site 
At low - t~mpe·ratures_, _ all:lite .'is, _s.t_abfe, an~ equilibration. 
coexists an · amphibole appr.oachlttg the : tr~mol.ite 
' I 
with 
' end-member, while at higher ,.temper~tures, 
. . 
of plagioclase incr~as~s. · and. ede~ite 
amphlbol~ ~ 
. ' 
the ·An /con tent: . 
i ~ .· t h e i s t a b 1 e 
. ~ / 
. -~ . ~~ 
; , 
' 
,· 
. , 
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Spear (1981) used the foll9wing mass transfer reaction 
to characterize this relationship~ 
(albite) (tremolite) 
(2.1) 
(edenite) (quartz) 
"~ 
He sug.ge s ted that the equi 1 i brat ion temperature . c ou 1 d 
then be calculated using: 
T- 3560.6 .129*P 
f 3 . 452 - lnKid 
and XNa,A mole fraction of Na in A site of amphibole 
(ideally 1 in edenite) 
'!' X ,A - mole fraction of vacancy in ~ site of amphibole 
(ideally 0 in tremolite) 
Xab - mole friction of Na in plagioclase. 
An activity coefficient of 1 is assumed here, for 
stmp lici ty . 
. ' 75 
The exchange reaction: ( 
_) 
(albite) (tschermakite) 
(2.2) 
(anorthite) (glaucophane) 
was proposed by Spear (1980), for which he deriyed the 
following relationship: 
T -I 
where 
11826.9 - .0604*P 
11".14 - lnKo 
Ko - Xca pl * XNa,M4 
XNa,pl * Xca,M4 am 
and Xca,pl - mole fraction of An in plagioclase 
XNa,pl -mole fraction of Ab in plagioclase 
XN~,M4(am) - mole fraction of Na in M4 site of 
amphibole 
Xca,K4(am) • mole fraction of Ca In M4 site of 
'·' amp hibole . 
For simplicity, ideal mixing between plagioclase end 
; 
. \ 
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members 1s assumed. 
Both of these reactions have only a very small 
dependence on pressure, and calculations at various 
crustal pressures yield temperatures with a range of only 
a few de gre ea. 
yie·ld similar 
Calculations using both of these equations 
temperatures (Table 2. 3 , Figure 2. 7), and 
the estimated error associated with the determinations is 
approximately 50°C for plagioclase analyses with weight t 
totals between 99 and 101,, and 70°C for pl~gioclases with 
totals between 98 and 99\ and 101 and ·102\. It is clear 
from Table 2. 3 and Figure 2. 7 that there is a bimodal 
distribution of t;emperat1-1res ou.tside the shear zones, as 
expected from the bimodal plagioclase compositions. The 
• mean temperature for Ml is 585°C, and for M2 is 460°C . 
Amphiboles are not commonly preserved in the sheared 
gabbros, although they were found locally. Spear's (1980, 
1981) thermometers yielded an average temperature near 
490°C for . sheared assemblages bearing amphibole. Since 
the · mineral assemblages in most shear zones consist mainly 
of chlorite+ albite+ quartz (i.e. lacking amphibole) , it 
is very likely that the shear zones formed at tempeYatu~es 
of less than 490°C . 
• 
Table 2 I 3 Equilibrium temperatures talculate.d from the 
plagioclase-hornblen~e geothermome~ers of Spear (1980, 
1981) for samples from the Mirage Islands and the Octopus 
Islands I 
1 
The mean temperature and the standard deviation 
• 
of the mean are also presented for each sample. 
Temperature~ calculated from plagioclas~ analyses with 
wt \ totals between 98-99% and 101-102\ are indicated 
by * the remaining temper·atures were calculated from 
plagioclases with wt \totals of 99-101%. 
. -
. 
.. 
S.·ample no. 
Mirage Islands 
CWM-34A 
CWM·35A 
CWM-41A 
CWM-82 
CYM-126 
CWM-127 
CW'H-141A 
GWM-l.42A 
CWM-156 
Sheared sa11p1e 
CWM.-155B 
Octopus Islands 
C0-22A 
! , 
C0'·23A 
.. 
Temperatures 
524 537 496 509 522 535 515* 516* 
s2o* 489* 489* 493* 514* 514* 518* 
608 663 561 573 582 636 631 587 
600 610 63& 631 587 600 610 
437 455 446 429 458 451 
588 601 602 598 601 597 595 601 
443 448 445 450 481 483 488 449 
454 481* 470* 4Bi* 475* 523* 511* 
589 617 585* 613* 550* 575* 
6o1* 6or* 591* 6oz* 601* 591* 606* 
605* 595* 
596 631 
558 563 
578 589 547 594 569 575 612 624 
579 630 603 610 594 606 562 611 
585 592 . 
387* 417* 398* 409* 
444 446* 444* 
521* 479* 480* 503* 463* 464* 
so1 505 480 483 481 484 so~ so7 
620 626 638* 644* 
75 
Mean 6 
513 13 
604 22 
446 10 
598 4 
470 18 
588 22 
599 5 
613 17 
560 2 
592 21 
403 1J, -, 
445 1 
485 21 
493 11 
632 . 10 
* Plagioclase analyses with wt ' totals between 98 - 99' and 
101 - 102' (indicated by *) .have errors ~stimated to be 
+/ - 70°C; totals between 99 - 101\ have errors o f +/· S0°c. 
• 
' ' 
Fi~ure 2.7 Histogra~s showing temperatures determined 
from plagioclase-hornblende t h e r ~u me t r y (after Spear, 
1980, 1981) for unsheared metabasites (upper half) and 
t» 
sheared metabas.ites · (lower ha1:f). Estimated temperatur~s 
outside the shear zones have a bimodal d i stribution, and 
define two thermal events ; Ml, with a mean temperature 6f 
' 585°C, :1nd M2, with a mean : temperature of 460°C ·. · Ml is 
correlated with ~he amphibolite facies contact metamorph~c 
eve d. and M2 with the regional greenschist facies event ·: 
Inside the shear zones, most , temp·eratu~es ·correspond . to 
the M2 thermal event, or are intermediate between M2 ,and 
Ml . 
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Geobarometry 
The pressure sensitive assemblage biotite + muscovite. 
~-~-+ chlorite + quartz (Powell and Evans, 1983) is present ·"'in 
several intermediate volcaniclastic rocks. However, the 
grain size · of the.se rocks was found to be too small to 
o b t a in p r e c i s e microprobe an a 1 y s e s fro 1!1 the micas , and 
therefore this barometer could no·t be used. 
.., 
Mineral assemblages in the mafic rocks do not contain 
any known quantitative barometers . Howev•r. a qualitative 
estimate of metamorphic pressure has . been made using 
pressure fields defined for various amphibole 
compositions, as determined by Laird and Albee (1981), and 
using a semiquantitative geo the rmobarome te r c ali bra ted by 
Plyusnina ( 1982). <\ 
In their study, Laird and Albee (1981) considered a 
series of mafic schists interlayered with metapelites . 
The "common assemblage" amphibole + chlorite + epidote + 
plagioclase + quartz + Ti-phase + carbonate + K-mica +/· 
Fe3+ oxide was ubiquitous throughout their study area, 
from greenschist to lower amphibolite gra~e. However; the 
CC?mposition of the amphibo.Je . at different grades was found 
,.., 
to b e variable, and the " .. variations in mineral 
':il . ; 
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chemistry can be related to differences in metamorphl,c 
grades . .. ". (Laird and Albee, 1981 page la2) . , 
a result of their study, La i 'r d an <l A 1 be e 
• 
(1981 ) 
were able to delineate low, medium . and high . press u rt> 
. fields on four different,. binary plots on t h e basis o f 
amphibole compositions . 
In this study,· calcic amphibole analyse• were-
normaliz.ed to 13 cati-ons excl).lding Ca, ~a and K (after 
Rob ins on ,e'-'t...___.,a,_,l....._. , 1982). Various cation ratios werfl 
c'lllculated, which were then plotted a·gainst ea c h o t her , -
and these are superposed on the pressure fields of F.igure ' 
12 of Laird and Albee (1981). 
' " 
All four plots were 
. . 
designed so that an incre 'ase i n temperature is 
qualitatively shown as a shift in the positive dire c tion 
along the horizontal axis, · and a qualitative increase in 
pressure corresponds to a shift in the positive dlrectidr~ 
along the vertical axis, 
In Figure 2. 8a, Na/Na+Ca is plotted against Al / Al+Si. 
This is independent of the amphibole normalization sche~e 
used. Amphiboles from the Mirage Islands have a f airl y 
... 
narrow range in pressure , corresponding mainly to the 
me d i u m p r e s s u r e f i e 1 d o f La i r d a n d A 1 b e e ( 1 9 8 1 ) .- .., 1 t h a 
tew points approaching the low pressure field. Amph i b ol~ s 
... 
... 
/ 
} ( 
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which yielded M2 te m'pe ra ture s have a wider compositional 
range and approach the low pressure field more closelY. 
than the Ml · e qui 11 bra .ted 
. ( 
amphiboles (Figure 2 . Sa) .· 
Although it may be suggested from this that M2' pressures 
were lower than Ml pres&ures, given the qualitative nature 
/ 
of ' this barometer, it is probably more reasonable to 
simply. infer that the pres sure during both metamorphic 
events was low to medium . 
\ 
The points show a wider horizontal distribution, 
inferring a br~.ad temperature range, ·· which is comp~tible 
I . 
.with the large variation in temper a ture found usi n g 
·. 
Spear's (1980, 19~1) thermometers, although absolute 
values•'can not be attached to temperatures. 
In the other three diagrams the variables plotted ar~ 
dependent on the amphibole normalization scheme used. 
·-~ 
Figures 2. 8b and 2 . 8d 
compatible with Figure 
. 
indicate . meJium 
2 . 8a, whereas 
,;: 
to low pressures 
points are .w i dely 
scattered-in Figure 2.8c. If amphibole stoichiometry is 
;" 
normalized to 15 cations excluding Na and K , -the po~nts on 
Figure 2.8c all plot within the med i um pressure field. 
,· . 
.. 
. . 
0 
' \ 
Figure estimates of rnetam o rphlc pressure 
using t o·f amphiboles .. from the Mirage 
Islands . ole sto i chiometry normalized to 13 c atio n s 
excluding a and K (after Robibson et al. , 1982) 
;..) 
Figure 2 . 8a i s independent of amphibole normalization. 
Lll lOONajNa+Ca vs . 100Al / Al+Si. Amphiboles plot in 
areas delineated for lo~ to medium pre s sure. 
2..J.Q. NaM4 vs . AlVI + F 3+ + Ti + Cr . Amphiboles plo t 
the areas delineated for low to medium pressure . -
t~e 
i n 
AlVI + Fe3+ + Ti + Cr vs. Amphiboles plot . i n 
the areas delineated for low, medi~m and high 
VS. 
I 
Amphiboles plot 
delineated for low to ffiedium pressare . 
pressure. 
in the areas-
' Pressure f i elds were defined by Lair;d and Albee , 1981 . 
· .. , 
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, 
Because of ·.the dependence on amphibole normalization 
inherent in Figure 2.Sb to 2.8d, only the results of 
Figure 2. Sa are considered reliable. T h e M i r a g e I s .l "a n d 
' . . 
amphiboles have NajNa+Ca a'nd Al/Al+Si ratios which are the 
same as low to medium pressure ... ampniboles 
fro, Vermont (Laird and Albee, 1981), and sugge s t . a fairly 
,. 
wide ·range of equilibration tempoera~u_re. 
A - semi-quantitative geotpermobarom'e~r was developPd 
by Plyusnina (1~82) for t he reactlon I 
hornblende + epidot~ + H20 ~ COz -
plagioclase + thlorite · + calcite + quartz 
( 2 . 3) 
was calibrat ~d 
experimentally, and 
pressure-dependence 
is based on 
. :\ . 
o f A 1 - §,on tent 
Ca-amphibole, respectively. 
the -temperature 11 n d 
in .plagio~laa e and 
• 
The assemblage amphibole + epidote + plagio c;l aae + 
chlorite + calcite + quartz . is common 1n. th e Mi rag e 
Isiands, and the compositions of coexisting ~ fri~..a l. _ p ,d:r!i 
are plott e d i ry' F i gure 2 . 9 . I s o t h e r m s a r e de f i n e d b y t h (' 
An c ontent of plagioclase , and isobars a r e de p e~d ent n n 
l 
. ·' 
. :.~ '• 
\ -
\ 
\ 
............... ~ 
• 
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the total Al content of amphibol~ .. 
Data on plagioclase and amph,ibol.e are 
selected from unsheared gabbro samples containing mineral 
assemblages which appear~d to be at or near equilibrium. 
The samples show a concentration of ~stimates from about 
450 to S00°C and 2 to 4 kbar, and another concentration at 
about 545 to >650°C and 2 to 5 kbar. ' ·These data are 
compatible wi;.h the Ml and M2 temperatures indicated by 
Spear's (1980, 1981) thermometers, suggesting a middle 
amphibolite facies ' metamorphic event and a greenschist 
grade event. As was ·found with ·th.e amphibole barometer 
• 
u 8 e d p r e vai 0 u s 1 y • it appears that Ml and M2 pressures 
overlapped, but that the mean M2 pressure may have been 
slightly lower tha~ that of Ml . 
-• A limited number of data from sheared samples 
I 
containing amphibole + epidote + plagioclase + calcite + 
quartz. are also available, 
. " ' 
equilibration temp~ratures 
and 
and 
they indicate 
~"-':· 
pressures to 
unsheared greenschist facies counterparts , 
temperatures ranging from about 480 to 
pressures betwee~ 2 to 4 kbar (Figure 2.9) 
similar 
their 
with 
and 
·. ~ -
• 
,. a 
' 
.) ~ 
.. to~ .. ., fhl.u:e 2,9 Plot of ca: content of plagiocl a se VS 
in amphibole . • Isobars and isotherms are defined from 
"- J 
experimental studi-es of P lyusn fna (1982). ' Unshe a r e d 
samples (dots) from the Mirag'f Islands have a bimodal 
distribution, with temperature and pressure ranges of 545 
·,-
to >650°C and 2 to 5 kbar, and 450 to 500°C and 2 . to 4 
kbar. Sheared 
I samples (X's) overlap with • the lower 
temperature and pressure data described above . 
• • 
• 
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Summary 
In th/y~ llowknife Greenstone Bklt, 
the Yestern Plutonic 
facies met~morphic 
. I 
/ 
Complex produced 
aureole adjacent 
' J 
,.. 
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the intr.,..sion or · 
a mid-amphibolite 
to the bt~thoi. Cth 
(Henderson and Brown, 1966; Padgham , . 1983:). 
., 
Elsewher·"' · 
the supractustal rocks bear g~eensc~ist facies assem~la g es 
. . 
as a result of re ~ i ona.l · met amo rph'i sm . Although it 1-s 
uncertain which thermal event was initiated f~rst on the 
~ 
Mirage Islands, Tegional metamarphism outlasted the 
contact metamorphism, as indlc~ted by rett:.ograde mi n. .. ral 
textures . Therefore, the amphibolite facies contact 
metamorphism has been ~alled Ml, and the regional 
greenschist facies metamorphism M2 . 
On the Mirage Islands, the thermal source for Ml is 
c 0 n s i de. red t 0 be the . in f e r r e d p 1 u t 0 n i c b 0 d y 1 0 c a t e d s 0 u t h 
' of the West Mi rag·e Islands, • or the Western Plutonic 
Complex, or both. Temperature,s during Ml approac hed 
600°C, and\9ressures were medium to low (2-5 -kbar) . 
in ~the metabasic During M2 metamorphism, amphiboles 
. ' l . 
hydrated to chlorite, and labradorite was rocks were 
replaced by less .calcic 
generally i were less 
p ~ a g i o c l a srJ:. f T e l!l p e r a t u r e s 
than 500°C, and pressur e was prob a b l y 
• 
------- -------
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lower than during Ml (2-4 kbar). 
Metamorphic conditi'ons calculated -f-e-r a few sheared 
samples correspond to MZ conditions. These ~amples come 
• I 
from the least sheared and hydrB;ted parts . of the shear 
i 
./ 
zones, and so probably recort1 the highest equilibrium 
.., 
~ temperatures preserved in the shear zones . 
.. 
' · .. 
\ 
, . 
f1 
) 
·-· 
,. 
. \ 
c 
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CHAPTER 3: STABLE ISOTOPES 
Introduction. 
\ ·. Oxygen · is present in man.y common" minerals as well ' ns-
ip all known hy_drothermal fluids. _It has th fee stablt! 
16 0 , 11 0 1a 0 . ' fsot_opes, and whose a'ootindanoes ~n any g1 vt> n 
phase ere a function of the enviro-nment in wh1ch the phas.~ 
"formed · (Faure, 1977). 16o and l8o respectively mak.e up 
approximately 99.75'6% , and ' 0.205% of the oxygen i n th e 
.. 
earth's crust, ~nd the fractionation of these ~wo isotopes 
b e t w..e e n m 1 n e r a l s · i s d e p e n d e n. t o.n t e m p e t; a t,: }' r e (ibid . ) _ 
Th~s th• measurement of the o~~gen isoFopic composition of 
a rock and' it.s constituent minerals, when · coupl~d w i th 
ge o logical data, can be a useful t;ool in determ.i.ning both 
the temperature equiltbrated 'and at which 
" 
the phases t.h e 
environ~ent in which equilibration occurred . 
·I n this·- chapter, isotopic da·ta pn minera l separates 
. from sheared samples and on who1a rock powd~rs from 
sheared and unsheared ro c.ks are examlne,j . The 
distribution of iso between chlorite and quartz from 
within 13 shear zones is uaed to esti~ate the equilibrium 
temperature and the content of the ·ass o c 1 a r P. rt 
hydroth~rmal fluid . \Jh o 11:1 roc k S l 8 0 v a 1 u e s o f u n s h P. a r P. r1 
rocks are compared to their sheared counterp~rts in Qrder 
... 
• 
t 
I 
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~o determine possible ~ources of the hydrating fluids. 
• Oxyg~n and carboh isotope analyses were also carried 
out on nine carbonate-bearing sheared samples, including 
aix whole rock powders and three carbonate mineral 
separates. It was hoped that the results of the latter 
analyses woul41 yield information on the source of the 
carbon in the shear zones bearing carbonate ~eins. 
Sovnzle Selection 
Samples selected for oxygen isotope thermometry were 
tho5e which ~ showed textural equilibrium between the 
chlorite and the quartz. The quartz occurs in thin ( 0. 5 
to 2 em) veins which are subparallel to the schistosity 
de .. fined by the c·hlorite , and which anastomose along their 
In a few shear zones ., carbonate (ankerite and / or 
Fa-dolomite) veinlets transect the q u artz veins a t low t o 
moderate angles (10 to 50~). and are interpreted to 
poat-date the equilibration of the quartz-chlorite pairs. 
The oxygen isotope compositions of the c~~onate from 
three such veins were analyzed in order to see whether l8o 
re-equilibrated duririg the emplacement of these 1 ater 
veins . 
. . 
\ 
I 
Analytical Techniques 
Thirteen quartz- .chlo'rite pairs 11 from thr Mirott,f' 
Islands and 2 from the · -~ctopus Islands as we 11 as 2 K 
• whole rock powders were analyzed. The mineral separ11t""' 
\ 
were crushed and hand-picked, then tested for purit y by 
;-'. 
·, . 
X - ray d iff r a c t i on . M' i nor c a r bon 11 t e w a s opt l c u t 1 v 
identified in some of the whole rock .o;amples . Th " ·: ,. 
samples were treated with HCl to remove the carbonatf'l . 
Isotope analyses were carried out by Dr . Fred" Longstaffe 
at the University_ of Alberta. The dat:a are presented in 
Appendix B . Oxygen results are reported as 5l8o relati v e 
to standard mean ocean water (SMO\J), and . are expressed in 
%. (per mil) of total oxygen (Hoefs, 1973) . The stan d a r d 
used for ca.rbon isotopes was bellemnitella ameri c ana fr ·o rn 
t h e G r e t a c e o u s P e e d e e F o r 111 a t l.o n i n S o u t: h C a r o 1 1 n ll , ( P D B ) , 
and is also reported in . %. 
precis A to about 0. 2%. 
I 
" 
Ihermollle try 
(ibid.). The result~ nrf' 
Results and Calculations from Ouartz;-Ghlorite Pairs 
The r e 1 at ions h i p be t we en the f r a c t i o n a t -1 o n f il c to r o f 
an isotope between two minerals and t e p;peratur P I~ g i'J•: n 
as: 
95 
A 
( 3 . 1) lOOOln.,. - + B 
(Taylor and Epstein , 1962; and Epstein 
and Taylor, 1967) 
• ./ 
where ~ - fractionation factor 
T - temperature 
A, B - constants, dependent on the minerals 
being considered . 
Faure (1977) has shown t h at: for most values of a~. , 
lOOOlnc>< is approximately equal t:o ,s1So 1 
and 2 represent two minerals between which lB 0 has 
equilibrated. 
Thus the following rela~onship between D.S18oq-ch a nd 
temperature was used: 
• 
(3. 2) ~slBoq-ch 
where T 
18 A6 Oq-ch 
(Qenner and Taylor, 1971) 
e q u 11 i b r i um temper at u r e ( ° K) , 
,. 
difference in 18o between quartz 
And c hl o rite (% 0 ). 
... 
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Equation 3 . 2 was c a 1 1 brat e d f o r the A 1 - a b s . en t end 
member of chlorite (serpentine) (We.Aner and Taylot. 
1971). It has been shown by Mathews et al (1983), And 
Agga rwa 1 and Longstaffe (1987), however, 
• 
thP 
cheJD.istry of a mineral can affect the extent to which it 
fractionates oxygen. Therefore the mineral composit io n 
must be considered in determining l.ts equillbrat lnn 
temperature. For example, at 550°C, t h e substl.tutl. on of 
one Al into the tetrahedral site of a sl.licate 'n lnP r al 
could de c rease its. equilibrium gl 8 o content by l . f-, '· 
(Mathews et al., 1983) . The same substitution into thP 
octahedral site cou,ld increase the ~ 1 8 0 c o n t e n t b y 1 . 'i '· 
(ibid.). 
Microprobe analyses of chlorites (Appendix A ) from 
shear zones in the Mirage Islands reveal that Al comprises 
about 2.56 tetrahedral sites, and 2.65 octahedrR. l site~. 
Calculating thl' net effect of these substituti o ns, it lR 
likely that Al-absent chlorite would contain approximstely 
0 . 3\. le"S s 18o than the Al-bearing chlorites in this 
study. 
Microprobe analyses of chl o rites (Appendt.x A) 
typically yielded weight \ totals bet:wef'n 84 and Blh. 
Tho s e w i t h t o t a 1 s n e a r 8 8 ' s e ·e ra t o b f' r e 11 s o n <1 b 1 e c h 1 o r i t e 
a naly s e s , wh1le those with l o wer tota ls · (84- 8 5 \) .opp.,ar lo 
• 
, 
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have low Si02 contents. If the main source of error in 
tne s e analyses results from poor s il ic a de terminations , 
and the Si02 contents of the chlorites is increased so 
th.$t the weight % of all oxides is 88%, then the extra 
sili£a would displace some of the Al from the tetrahedral 
site. Therefore the' magnitude of the decrease in slBo 
content due to tetrahedral Al would be' smaller, and the 
magnitude of the increase in content due to 
octahedral Al would be greater. (· 
The net effect of an increased silica content was 
\ 
calculated for one chlorite analysis. Previously the 
silica occupied 5. 5 • tetrahedral sites, but upon 
normalizing the total oxides to 88% anhydrous, silica 
occupied 5 . 6 tetrahedral sites, leaving 2. 4 sites for Al 
in tetrhedral coordination, and requiring that the 
octahedral site accomodate 2.8 Al atoms per unit cell. 
U s i n g t h 1 s d i s t r 1 b u t i o n o f A 1 t o c 'a 1 c u 1 a t e 
the 6.18o content of the chlor_ite, it was 
A 1 - a b t> en t c h 1 o r i t e w o u 1 d c on t a in abo u t 0 . 4 '• 
the effect on 
estimated that 
more 18o than 
the measured slSo value. Before normalization, the Al 
distributi~n for the same chlorite analysis predicted that 
Al-absent chlorite would contAin about 0. 3%. less l8o . 
It is uncertain how reliable the mea s urment o f sili c a 
in chlorite is (see discussion in Appendix A), th e r e fore 
• 
calculating the magnitude of Al substitution into tht.· 
silica site, and hence the net effect of Al dlstriburton 
on the equilibrium sl8o composition of the chlori t e , l!: 
not meaningful. 
In T.able 3.1 t .he ·equilibrium temperatures calc ul 4Ht> d 
for quartz-chlorite pairs (data in Appendix B; !lllm p l £' 
calculation in Appendix C) in the ~hear zones 
presented. The chlorite composition uaed wa• that of the 
Al-absent Fe/Mg chlorite . For the shear zone 
presented ( CWM- 41 C) , two additional temperature• were 
calculated; those of the chlorite with its &18o conten t 
reduced by 0.3,., and increased by 0.4~o ( a ccounting for 
the possible effects of different proportions of Al in the 
tetrahedral and octahedral sites) The error range dP-f ined 
for these three temperatures o~rlap. Sample calculat ions 
are presented in Appendix C. 
The equilibrium temperature 0 f 18 0 in the 
quartz-chlorite pairs . was fo u n d to vary between 350°C and 
620°C (Table 3.1 and Figure 3.1). Figure 3.1 showa that 
the temperatures are distributed into two dist i nct 
populations. This distinction is made o nly on t he bas i s 
of 18o fractionation, ~nee petrographically th~ c hl o ri t e 
a n d q u art;: appear indistinguishable between 
sets. Th~rature ranges of the .Ml and 
thP t wo 911 mp ! e 
M2 m ~ta m o r p h lr. 
r. 
• .J, 
... 
Figure 3.1 Histogram of temper·&ture determinati"ons from 
oxyg.en isotope fractionation between quartz and chlorite 
from shear zones on the hlrage and Octopus Islands. The 
tempP-ratures have a bimodal distrib u tion, with means of 
' 
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hble 3.1 Temperatures calculated from oxygen isotope 
fractionation between quartz and chlorite in shear z o n e s 
from the Mirage Islands and Octopus Islands . 
J 
' 
' 
\ 
I 
r -
\ 
Results of Oxygen Isotope Ihergometry 
Sample 
Mirage I"sland Samples: 
CWM-41C 
CYM-41C* 
CWM-41C** - -
ftT.JM -13 8 1 
'{ GWM-142E 
GWM-143B 
CT.JM-145B 
CWM-146B 
GWM-147B 
CWM-154G 
CWM-160C 
GW~-163 
CWM-164C 
Octopus Island Samples: 
Temperature (°C) 
476 +/- 45 
444 +/· 45 
517 +/- 45 
405 +/- 55 
574 +/- 50 
620 +/· 55 
36 6 +/· 25 
574 +/- 50 
442 +/· 40 
454 +/- 40 
433 +/· 35 
59 6 +/· 60 
35 2 +/ - 30 
C0-22C 430 +/- 30 
.: o - 2 3 c 4 4 1 + 1 - 3 o 
J 02. 
-~ 
·• 618o cOI'Itent of chlorite reduced by 0.3\. to approximat~ pure 
Al-absent chlorite (see discussion ln text). 
* * & 18 0 · content of c h 1 or it e inc rea • e d by 0 . 4 '• to appro xi mat • 
pure Al-absent chlorite with an - increased sili c a c ont e nt (see 
discussion in teit). 
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events (as determined by geothermobarometry) are also 
included· in Figure 3 . 1, and it can be seen that while a 
' \ 
few of the shear zones have isotope fractions 
corresponding to Ml temperatures, most shear zones· 
equilibrated at temperatures corresponding to M2. 
----
The four shear zones which equilibrated at 
temperatures corresponding to Ml have a mean of 590° +/· 
Although this. temperature lies above that normally 
considere ~ stable for chlorite, Fleming and Fawcett (1976 ) 
have shown experimentally that quartz can coexist stably 
with SOt Fe/Fe+Mg chlorite •t temperatures up to 590°C ~nd 
2 kbar PH20• above which they break down to ~ordierite + 
talc + vapor. J Furthermore, Aggarwal and Longstaffe ( 1987 ) 
report equilibrium temperatures as high as 588°C from 
oxygen isotope fractionation between quartz and 
"relatively iron rich" ' chlorite (ibid.). Outsi d e the 
shear zones, Ml assemblages are characterized by a mphib ole 
and a lack of chlorite. However, inside the shear zones, 
J 
the presence · of abundant hydrothermal fluids (see Chapter 
) 
5 for fluid:rock ratios) appears to hAve stabilized the 
.. 
more hydrous assemblage. 
There does not appear to be a systematic variation in 
lron:magnesihm ratios bet we en t h e t~o populat i ons of lio 
chlorites . St o i _hiometr1c Fe : Mg rati o s are be t ween 1 . 1 3 
'" 
' 
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and 1.34 in high temperature chlorites anq range from 
0 . 6 0 to 1 . 3 0 , w i t h m o s t near 1 . 0 , i n the 1 ow tempe r a t u r ,. 
chlorites (see Appendix A). Si02 occupancies are hetW •' t' n 
5.3 and 5 . 6 tetrahedral sites in the high templ'rllt u t·,, 
' 
chlorites, and from 5.4 to 5 . 9 sites in the Jo.., 
temperature clorites, but !!iven the potential errors lt l 
the silica determinations in t he se anal y ses , t ht• 
apparently greater silica contents of the low temperar •a •· 
chlorites may not be "real" . 
Since the 
' 
bimodal temperature ' distribution of 
shear zones calcul a t~ d by lBo partitioning between q li Artz 
and chlorite matches · the temperature ranges for Ml an rl M2 
from geothermometry, it- .. ...:. is prop o sed that the h t p, h 
t em p e r a t u r e she a r z o n e s e q u i 11 b r a t e d d u r 1 n g M 1 . .1. n d. t. h e 
l o w temperature shear zones during M2. 
Figure 3 . 2 d e picts the relationship betweP n 
temperature and lBo of quartz veins from within t h e s h eAr 
zones from the Mir <lfe Islands a n d Oc t o pus Islands ,> an d 
compares them to the range o f oata fr o m the g old-b~ar:-i n~~, 
shear zones at ~llowknife (after Kerrich, 1 9 8 1 ) . 
s .1 mplPS from the Octopus Islands have l 8 o com pos 1 t 1 on~ 
betwePn +11.2 a nd +11.3% which coi nci des with the . r~tn ."; P · 
of quar tz Vl' in l8 o v a lues found at Yellowknife ( ibid .) 
I - -- - - - -- --- - - - - - - -
\ 
-
• 
\ 
J. 
( 
fi~ure 3.2 Graph of isocopic c ompositi o n of quartz v eins 
vs .. shear zone temper a t u re (from o xygen i s ot o pe 
thermometr y ) for shear zones on the !sta nds, 
Octopus Islands, and near Yell o wk-nife . Yellowknif e d a t a 
from Kerrich (1981). 
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Mirage Island quartz veins have b18o contents between +8 . 6 
and +9. 6,. which lie outs ide of this range. 
The M2-equ~ibrated shear zones on the Mirage Islands 
have estimated tellperatures which are coincident with 
those estimated fQr the sh'ear zones on the Octopus Islands 
and ~t Yellowknife, implying that on a regional scale, the 
a hear zone• in the greenstone belt equilibrated 
. l 
during 
greenschist facies metamorphism. However, the isotopic 
compositions of the quart;?: veins from the Mirage Islands 
are distinctly different from those on the Octopus Island s 
and a~ Yellowknife. 
;.• ' •• : .. . 1 
""'·A, 
" · .. ~ 
( 
The rocks which host the shear zones on the Octopus 
. j 
Islands and near Yellowknife are dominantly basalts and 
gabbros (He nqerson 
198~; ~m~taedt 
and 
and 
Brown, 1966; He 1m s t a. edt "'e._t.__....a.._l_._, , 
Padgham, 1986), 
.... ,.. ., 
whereas the 
predominant lithology on the Mirage Islands is more felsi c 
'• 
in composition, and felsic rocks have a ·· greater capacity 
to concentrate 18o tl}an mafic rocks (Taylor and Epstein, 
1962) . If it is assumed that the shear 7'-ef!-es equilibrated 
during regional greenschist facies metamorphism (with the 
f. 
exception of the four high· temperature Mirage Island shear 
zones), then it' is likely that the fluids present in the 
shear zones. during their alter a tion were d e rived from 
"/ \ ...... 
1 0 ~ 
dehydration reactions accompanying metamorphism . 
Metamorphic fluid s generated in and interacting wit h m:.t f ,· 
rocks (such as at Yellowknife) would tend to have a h i )~het 
18o content than fluids derived from a more fetstc 
source, where 18o would fractionate from the fluid tntn 
- . 
the siliceous host rock. Quartz veins precipitated from .-1 
relatively l8o-depleted fluid would have lower 
contents than veins precipitated from an 180-rich fluid. 
Thus the differences in the oxygen isotopic compositions 
of quartz veins hosted in shear zones on the Mirage 
Islands, the Octopus Islands, and near Yellowknife do not 
necessarily imply a different fluid source, but may be a 
function of the chemistry of the host rocks . 
It is possible to calculate the oxyg e n isotopi·c 
composition of the hydrothermal fluid which dep o si t ed the 
quartz veins, given an independent geothermometer. In 
\, 
Chapter 2, the equilibrium temperatures in two s h ea r zo n es 
.. 
were calculated based on the plagioclase hornblende 
thermometers of Spear (1980, 1981). However , the shea r 
zones in which assemblages with plagioclase _and a mphi b ol "' 
are preserv.ed are those which have not: undergone extensl•Je 
hydration, whereas the shear zones fo r whl.ch oxygen 
isotope fractionation has been measured have been e x p 0 ~ ed 
to h!.gh fluid:rock ratios, as evidenced by the prese nce r, f 
quar t z vein s and the absence of amphibole . Therefo r e th e 
temperature determined for plagioclase plus amphib~· 
bearing shear zones cannot be expected to yield reasonable 
I 
fluid compositions for quartz plus chlorite bearing 
•hear zone.tJ. 
Although it would be circular reasoning to use the 
te.mperatures .deter tnined from isotope thermometry to 
calculate the isotopic compositl_~n of the h:(drot:h.ermal 
fluids, it is possible to estimate the range of 
, fluid 
compositions that might be expected over the temperature 
limits calculated. 
The isotopic composition of a fluid in equilibrium 
with quartz at a given temperature T (°K) can be estimated 
as: 
( 3 . 3) 
(Fr_iedman and O'Neil, 1977 after 
Clayton et al., 1972) 
where ~c1s 0 _ 
·. Q q. w the difference in 618o between 
quartz and water. 
From Figure •3. 2 1 t is clear that the quartz veins in 
the Mirage Island shear zones have a f~irly uniform 
isotopic compos .ition, with &18o ranging from +8 . 6 to 
+9 . 6 '· . The Ml-equilibrated shear zones have equilibrium 
,.1 
( 
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temperatures ranging from 574 to 620°C, and M2 shear zone 
temperatures vary between 352 and 476° C . • F r o ru e quatio n 
3. 3, the expected range of bl 8o for .a fluid . in e q u 1llbrium 
with quartz over the range of Ml temperature s L :. betwe .:n 
+ 6 . 7 and + 8 . 3 '• . That of a fluid at M2 tempert\tunq; 1.s 
be tween""--+2. 8 and +6. 5 '· . ' G i v en the a c cum u 1 a t e d e r ,. o r • 
inherent in this calculation, it ls possible t h a t the 
r a n g e o f fluid c om p o s i t ion a f o r M 1 and M 2 s h e a r .: o n ,_ . .s 
,• 
actually overlap; however, the predicted conte n t _, o f 
the high te111perature shear zones are cons i stently gre .tt e r 
than · those of the low temperature shear zones . 
"\ 
' 
In Chapter 2 it was suggested that ·the ther mal <Jource 
for the amphibolite facies (M.l) metamor p hism was a p l ut on 
inferr e d to lie south of the West Mirage Islands , a nd / or 
the Western Plutonic Complex. If . the estimated range o f 
the fluid composition in the Ml shear zone a (+6. 7 to 
+8. 3\.) is correct, then . these fluids overlap wit h· th ~· 
~18o content of i,_gneous fluids (+6 to +10\., T a ylor, 1967 ). 
Therefore flu ida in the high temperature ahear z o nea 
.appe-ar to be compatible with a magmatic source. Howe v er, 
a IJi etamorphic source for Ml fluids cannot be ruled out , a s 
the £,18o range for metamorphic fluids (+5 to +2 5\. 
Taylor, 1967) also coincides With the f l ui d co mpo s i t i o n 
esti mated for Ml shear zones . 
111 
Fluids in the M2·equilibrated shear zones have 618o 
contents estimated to lie between +2.8 and +6.5\. . This 
i• •lightly below, the range of 61 8 o generally exp~cted for 
metamorphic fluids (+5 to +25i. , Taylor, 1967), but as 
d.;acribed above, interaction of the fluid and wallrock as 
the fluids ascend and cool in the shear zone could have 
reaulted in 18o-depleted fluids. 
Alternatively, the 618o range of meteoric fluids 
v a r i e s from 0 to < - 5 0 '· ( T a y 1 o r , 1 9 6 7 ) . If descending 
meteoric ...,. te r s were to have come into contact with an 
isotopically heavier metamorphic (or igneous) fluid in the 
shear zones, the resultant mixture would have an 
intermediate isotopic composition, perhaps in the range of 
that found for the M2 shear iones. 
The results of mapping in the West Mirage Islands 
(discussed in Chapter l) were interpreted to indicate that 
all of the shear zones formed more or less synchronously . 
Since some 
corresponding 
shear zones have equilibrium temperatures 
to Ml, it follows that the initial shearing 
event 
here 
facies 
have accompanied plutonis11 . . It is suggested 
the •hear zones were produced during Ml in the 
flulds which accompanied plut~nism and/or 
facies metamorphism. Regional greenschist 
tamorphism followed or accompanied and 
11 2 
outlasted Ml, during which the shear zones acted as 
conduits for M2-d e rived metamorph~ ~luids, and possi b l y 
for meteoric fluids as well. ~ost of the shear zones re· 
equilibrated during M2 I and early (syn-Ml) isotopi c 
signatures have been overprint e d, but a few shear zo n es 
have retained isotope fractions indicative o f H l 
temperatures. 
Results frog Carbonote - bearin& Shear Zones 
The results of analyses for 
carbonate-bearing samples are presented in App e ndi x C . I n 
two samples (CWM-151C and GWM- 166C) 
1 l 8 o v a l u e s o f + 23 . 6% 
and +27.6\ resemb l e those of mari n e c a rbon ate 
(Long s taffe, personal communication, 1987 ) . Oxy g e n in the 
r e maining samples analyzed ranges in 18o from + 7 . 8 to 
+9. 7\ As noted earlier in this chapter, car b onate 
veinlets crosscut and post-date quartz veins, _ a nd lB o 
values of carbonates indicate that 18a in the ca rb o n a t e-
minerals did not equilibrate with that f.n the q u a r t z o r 
chlorite. Furthermore, temperature calcu l ation s us i n g a 
quartz-calcite p<iir and a chlorite-calcite pair y1elde r:1 
negative values of r2 (see Ap p e n d i x C) , confir ming t ha t 
the carbonate vein lets are in di.sequlli.briu rn wit h t h" 
qu a rtz a n d c hl or i t e. 
I 
... 
.1 
· 'I 
I .I 
_, 
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Since the precipitation of the carbonate veinlets 
postdated that of the quartz veins, it is reason~tble to 
assume that the temperature at which they formed was less ~ 
than 350°C, whic~ is the lowest temperature calculated for 
q·uartz-chlorite eq~ilibration. ~ If the C.llrbonate is ; 
assumed to have precipitated at a temperature between 250 
and 350°C, the 61 8 o of the hydrothermal fluid from which 
' ' it· was deposited may be estimated using the following 
relationship: 
(3 . 4) 
-2. 8 9 
(Friedman and O'Neil, 1977) 
where~l 8 occ-w - the difference in ~1 8 o 
between calcite and water (%.) 
T temperature (°K) 
For carb-onate with the isotopic 
composition of the ec;uilibrium fluid would lie between 0 
~ 
and + 4 t • . for this temperature range. This fluid 
composition is intermediate between that of meteoric water 
\ 
(-50 < 5l8o < 0\. Taylor, 1967) and from one a 
metamorph~ (+5 < 'lBo < +25,. ; ibid.) or igneous (+6 < 
sl8o < +10,. ibid.) source, and suggests that the fluids. 
present in the shear zones in the late stages of s h ear 
alteration may have 
\ 
consisted of . meteoric £luids zone 
• 
\ 
114 
t 
~ixed with metamorphic and/or magmatic fluids . 
' 
Carbon isotope values from hydrothermal carbonat o 
minerals found i n the shear zones range from 13c - · :>. o 
to +9 . 0% , with most valu Eo s lying between -4 and -3\ In 
comparison, Fyon et al. (1983) found c arbon i3loto ptt 
compositions of hydrothermal carbonates i n 14 dep o:;l t :o 
near T~mmins, Ontario to rat}8e from • 5 . 9 to 0\ w 1 t h <I 
mean 13 CpoB near -3.4\ The hydrothermal fluid.s which 
deposited the carbonates had; an esti mat e d f l ll 1 <.1 
composition of 13c 
-4 to ·2 \ (Colvine et al., 198 1•) . 
Hoefs . (1980) ·showed that 13c of magmatic C02 lie~ between 
about -7 and -3~ and thus Colvine e t al. (1984) argue 
~ 
for a magmatic fluid source for these carbonates . 
Because the carbon isotope compo~ition o f hydrothermal 
min e rals is dependent not only on the 
fluid, but also on the fluid's temperature, 
' 
. 
content of t h e 
pH and! oxygen 
fugacity , it is not possiole to determ in e the carbon 
isoto pe c o mpos ~ tion of the fluids f rom the Mirage I sland 
s h'ear zo n es . It should be noted however, that the 
' contencs of v ein carbonates in this study most close l y 
resemble those typically a s soc iat ed with magmat i c fluid~ . 
,. 
- ---- \ 
, 
[ 
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Whole Rock Oxyeen Isotopes 
The whole rock oxygen isotope va\ues of 10 sheared and 
10 unsheared _ samples are given in Table 3. 2. Unsheared 
mafic rocks (gabbros and basalts) from the Mirage Isla.hds -· 
\ 
have f, 1 8 0 c on t e n t s be t wee n + 5". 2 an. d + 5 . 8 '• , and r e co r d an 
'increase in cl8o into the shear zones by as much as I' ' 0 
2.8t.. Sheared metabasites range in &'1. 8 0 from + 5 . 4 to 
+ 8. 4 '· Unsheared felsic to intermediate samples analyzed 
range from +7.9 to + 8 . 6%. , in Thefr sheared 
counterparts are slightly depleted in ta 0 . ranging from 
+ 5 . 7 t 0 + 7 . 8 '· 
The whole rock sl8o values of the unsheared Mirage 
Island samples were found to lie near the l8o-poor end of 
the usual rang41 for their unaltered igneous protoliths 
(Figure 3.3) as defined by Faure, 1977. 
Four metabasite samples were analyzed from the Octopus 
Islands. The two unsheared s .amples contain .more 18o than 
the unsheared Mirage Island samples. One of them (C0-22A) 
~ 
is anomalously enriched ln 18o (9 .lt.). Such high val_ues 
arr usually associated with oxygen exchange between basalt 
and seawater following deposition at active submarine 
volcanic centres (M.uehlenbachs and Clayton, 1976) . -·The 
_I 
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sheared equivalent of this rock has 618o of 8. 8\. , And 
thus records a small depletion in 1s 0 . The second 
unsheared Octopus Island sample (C0-23A) lies within th .. 
igneous blBo range reported by Faur~ (1977) for fresh 
gabbro, and shows an increase in &18o from 6 . 1 to 6 . 7-. .. 
into the shear zone . 
With the exception of shear zone C0-22 whoae protolith 
is anomalously rich in 18o, all of ~he shear zones ho~ted 
in mafic rocks record an enrichment in 18o compared to 
their unsheared protoliths. This trend is interpreted to 
indicate that isotopic exchange took place between the.;.:> 
sheared rock and the hydrating fluids, whi c h cooled with 
time and became ~rogressivel; depleted in 18o as the 
hydration reactions progressed. Hydrothermal fluid.s in 
the shear zones are estimated to have had 5l8o contents of 
+2.8 to +8.3'•· The variable extent' of· 18o enrichment in 
the i n d 1 v 1 d u a 1 s h e a r z o n e s '1. s b e 1 i e v a d t o r e E 1 e c l t h e 
different degrees of hydration ·within them (see Chapter 6 , 
Reaction Progress), and the different temperatures of 
equilibration .. 
Kerrich (1881) found that undeformed basalts o f the 
Kam Group near Yellowknife have sl8o values of •7 to ,, 
7. 5 '· . He,_attributed these ·high values to inter act l o n 
\ 
I · . 
. i' 
. 
Whole rock oxygen isotope compositions of 
typical unaltered mafic and felsic igneous rocks (after 
Faure, 1977). The 18o compositions of unsheared samples 
from the Mirage islands (dots) and Octop,us Islands (X's) 
are superposed on the diagram, and th e y generally plot 
within the range of their unmetamorphosed e quivalents. il 
The range of l8o compositions of unsheared basalts fro m 
the Yellowknife area (after Kerrich, 1981) are also 
plotted. 
\ 
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with seawater following extrusion. Sheared mafic schists 
of the Kam Group show even greater enrichment in 18o, with 
values near +12%. , and the hydrous fluids in the!:ie shear 
zones were estimated to have had sl8o values between . +7 
and +H. (Kerrich, ibid.). 
Th~ mean increase of 18o in Yellowknife shear zones is 
near St. , while .the increase in the Mirage 'Island shear 
zones has a. " mean of about l•·<Table 3.2). Only two she_ar 
zone • W6~e analyzed from the Octopus ·r s lands , and one 
unaheared sampleA was anomalously rich in 18o , thus no 
meaningful estimate of the mean change in618o content for 
theae islands was possible . 
,::-
The greater 18o enrdchment in 
.,_. 
ahear zones near Yellowknife is likely a result of larger 
·f 1 u 1 d : r o c k rat 1 o s the r e , w h i c h are e s t 1m a t e d t o be an 
order of magnitude greater than those for the Mirage 
Islanda (see Chapter 5 for fluid:rock ratios for the 
Mirage Islands) . 
The two shear zones cutting tuffaceous sediments ~Unit 
2) record unexpected results (Table 3.2). The unsheared 
samples have sl 8 o compositions corresponding to unaltered 
. -
felsic to · intermediate igneous rocks (Figure 4.3~ but 
there is a . small decrease in .sl8o into the shear zones . 
Ass u m 1 n g that the con d i t 1 on s in these two she a r z o n.e s were 
similar to those elsewhere, a greater enrichment o f 1 8 o in 
. -~· 
Table 3.2 Comparison of the whole rock oxygen isotope 
compositions of unsheared and sheared s a mples (...,it h 
respect to SMO'.l) for eight shear zones fr o m/ the Mira g e 
Islands. • 
D 18 18 18 
.o - Osheared · Ounsheared• 
.. 
-• 
Wholerock Isotope Values 
Sample Rock type 
(unsheared) (sheared) 
Mirage Island Samples: 
CWK-34A,B 
CWM - 35A,B 
CWM-145A,B 
CWM-l49A,B 
CWM-154A,B 
CWH-160A,B 
CWK-l55A,B 
CWM·l62A,B 
gabbro 
gabbro 
gabbro 
gabbro 
mafic flow 
gabbro 
+5.5 
+5.4 
+5.6 
+5.4 
+5.3 
+5.2 
+8.6 felsic 
volcaniclastic 
intermediate +7.9 
volcaniclastic 
+6.5 
+5.7 
+8.4 
+6 . 2 
........__., +5 . 4 
+6.5 
+5.7 
+7.8 
b.&la 0 
(for shear zone) 
+1.0 
+0.3 
+2.8 
+0.8 
+0.1 
+1.2 
-2 . 9 
-0. 1 --
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the felsic shear zones than the mafic shear zones would 
intuitively have been expected, as felsic minerals have .w. 
greater tendency to concentrate heavy o Jt ygen (Taylor and 
Epstein, 1962). Two possible e xplanations for th i 5 
anomaly are suggested here: 1) if these t~o~o shear zo n e s 
equilibrated at very high temperatures, (temperature dat d 
are not available), then 18o could have fracti o nated into 
the fluid phase, thus accounting for the 189 d c pletl ot t i t . 
the sheared rock; or 2) if fluids in these two ~hear zon e ~ 
..;-., 
were descending and heating (such a s w o u 1 d o c c u r l -f 
meteoric water contributed to shear zone alt e r a tion ) t he n 
the fluid could have bec'Ome enriched in 18o a t t h e e x pe n !; e 
of the altered rock. 
Conclusions 
{ 
___ .,...~ 
Hydrating fluids in tlie sh~.ar zones were 1 eas t i n at 
part basic, and appear to lie in two distinct popul ilt 1on s : 
1 . high- temperature fluids estimated to have 
contents between +6.7 and +8.3%., which are inter p ret ed to 
have been introduced into the shear zones d ur ln ~ Ml 
metamorphism, and which were derived from eithe r l g n f'<ou 10 
fluids circulating about a crystallizing intr u~; ive b o d y , 
or f r om !11 me t am orphic reactions likel y r esul t i ng f r,,m 
h ea t im p osed by t he b a tholith , or both ; 
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2. lower temperature, isotopically lighter (in the 
range of +2.8 to ..-6.5t 18o) fluids believed to have been 
produced during M2 me tam o r p h i s m .~ f r o m dehydration 
reactions, which subsequently reacted extensivety with 
the wallrock, and became depleted in 18 o, or ~re mixed 
' 
or both. with meteoric fluids, 
With the exception of sample C0-22A, the 18o content 
of the unsheared rocks does not appear to have been 
affected by sea water alteration or metamorphism . Most of 
the shear zones show an enrichment in 18o relative to 
their unsheared protoliths, with the extent of enrichment 
being inversely proportional to the temperature of the 
fluid. 
T h 'p v a r 1 a b 1 e extent of hydration between different 
shear zones, the possi-bility of isotopic exchang <> after 
peak metamorphism, and the likelihood of b e th the 
temperature and the 
• 
18 0 content of the fluids varying 
with time all probably c ontributed ... to the range of 
L 18ofluid• and whole rock lSo va1ues within temperature, 
and outside of the shear zones. 
Hydrothermal fluids in equilibrium with late cross-
I ( 
\.. 
• 
·' 
cutting carbonate veinleta were estimated to have bl _13 0 
contents between \bout 0 and .4t. based on fo r mat io n 
'--. 
temperatures between 250 and 3S0°C . From this it i !.. 
inferred that during the late atages of shear z u n•.o 
alteration, meteoric waters were mixed w 1 t h e 1 t h t> t; 
magmatic or metamqrphi-c fluids · (or possibly both) . C a r h (>L 
isotope data favour 
fluid sour c e. 
• an interpre t ation involving a mag,ma t t c 
l...f'\\ 
r. 
) 
--J 
• 
' . 
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CHAPTER 4; FLUID INCLUSION ANALYSES 
Introduction 
Fluids trapped du r ing the precipitation of vein 
minerals are relics of the hydrothermal fluid pr,.esent 
d u r ip e v e in f 0 r m a t i 0 n . An examination of fluid inclusions 
can therefore· yie l d information about t h e composition of 
the hydrothermal fluid and t h e physi ~ al c ond i tio n s under 
whic h t he inclusio n - b earing mfneral was d eposit e d. 
Most fluid inclusio n s are made u p of a liq ui d an d · a 
vapour phase at room temperature . S i nce the prese n ce o f 
differen t species in solu t ion depresses the freezin g point 
of a fluld by d ifferent amounts , a measure of th e eutec t i c 
point of the fluid will allow qualitati v e identification 
o f the s pecies dissolved i n the f luid . T he salin i t y of 
the fluid may b e e s timated 
, . 
a s a n equiv a lenr wei g h t per ce nt 
Na C l , ba s ed o n th e mel t i n g tem p e r a t u r e of ice in a l i qui d 
+ va p ous _ inclusion . Some inc lusio n s c on ta in o n e or mor e 
' crystal phases as we l l a s l iq u id a nd v a p o ur at 2 5° C. 
Usually the crystals are a chloride s p e ci e s (halite or 
sylvite) and c an be distinguis h e d o ptic a lly . Sa l in i t y 
estimates of these inc l usions c an be m a d e •f.,! o m t he i r 
solution temperatures . 
• 
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Fluid inclusions can be heated t o de t e r ·m i n e 
temperature at which the liquid and vapour (and solirt) 
phases>homogenize . Since it is assumed that the fl u id w a s 
trapped as a supercrit i cal (one phase) fluid , (Burru~ . 
1981), the homogenization temperature represents t h e 
minimum trapping temperature. If an independent e s tima t e 
of pressure can be made, the 
It trapping temperature · ma y 
calculated (Roe d de r , 1 g.~ 4) Conversely , give n 11 n 
independent estimate o f temperature. the pressur e of 
entrapment can be c a l c ulat e d . \ 
Homogenization temperatures can be de t e r m i n e d f o r a l~ 
given vein , altho u g h generations of inclusions in a 
generally pressure-temperature work is restrict e d t o 
primary inclusions, which are those inclusions trapped 11t 
the time of vein formati on. 
Selected samples of quartz veins from with i n sh ear 
zones from the Mirage Islands and Oc topus Islands were 
examined for the presence of f l uid inclusions. 
of inclusions 
fluid trapping 
were c a\ried 
temper a Jre s 
o u t to 
in the 
equilibrium temperatures determined 
c o mpare the 
i n c lui ions 
b y oxygen 
Analyses 
mi nimum 
f 
with the 
Lsot:o pe 
thermometry a nd p lagioclas e-hor n blend e thermomet ry . 
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Analytical Techniques 
Fluid inclusions were analyzed using a petrographic 
microscope equipped with a Fluid Inc. heating/freezing 
stage. The minimum size of inclusion analyzed was about 
10 )-Am, although freezing and melting phenomena are more 
easily observed in larger inc~usions . Condensation on the 
objective lens during heating from low temperatures (less 
than -60°G) occasionally prevented observation of melting 
temperatures. 
\.. 
Inclusions " chosen for analysis were those which 
texturally appeared to be of possible primary origin . 
Some of the criteria which are 
... 
used to identify primary 
inclusions are . the presence of isolated , single inclusions 
with equant shapes and diameters gre1ter than adjacent 
(secondary) inclusions, which are randomly distributed in 
all thr~e dimensions (Roedder , 1984) . Because of the 
planar nature of the samples, determination of the 
inclu;ions' distribution in the third dimension was 
limited by the sample thickness. Low homogenization 
temperatures of many of the inclusions suggest that they 
are in fact secondary in ori.gin. 
The vein quartz is coarse-grained (3-4mm), with 
' .. ·. 
1~8 
slightly undulose extinction . Subgrains and finelv 
recrystallized grains are uncommon. 
strained or recrystallized areas were not 
leakage may occur from inc 1 us ions in 
(Roedder, 1984). 
Inclusions 
exa~t~e d, 
fr um 
s l n-: .: 
strained gru iu s 
Temp e rat u res me as u red we r e found to be rep rod u c: l b 1 •· r " 
within about 3 - 4°C. E r r o r s i n t e m p e r a t u r e r e a rl 1 n g ~; tLt ·: • • 
b e e n c a 1 1 b r a t e d f o r t rue v a 1 u e s b e t we e n 6 0 a n d 2 6 0 ° C , 1111 <1 
extrapolated above and from 0 to - B 0°1: 
(C. Saunders, oral communication, 1987). B e t w e e n 0 a n <1 
60°C errors a re less than about 1°C, and so have heen 
tgnored. The following linear regression e1uation wa~ 
used for temperatures greater than 60°C: 
T- 3.279 + 0.947*Tmeas• for T>60°C. ( 4 0 1) 
.·(C. Saund e rs, oral communication,l 'J 8 7) 
Measurement errors on the thermometer have been 
~ 
estimated to 
the rate at 
decreasing . 
... 
be -between +/- 1 and +/· dependin?, on 
which the temperature was increasing o r 
, 
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Results 
Data. on freezing, melting and homogenizatio~ 
I 
are presented in temperatures of 118 fluid inclusions 
Table 4 . 1 . Homogenization temperatures of the inclusions 
..... 
range from near 12 to 415°C (see Figure 4.1), w- i th a mean 
in most shear zones betw-een 100 and This 
temperature range_ suggests that most of the inclusions 
exa~lned were not primary, but w-ere trapped ~uring cooling 
of the quartz veins ·; Of the thirteen quartz veins 
•examined from · different shear zones, eight have at least 
some ·inclusions with homogenization temperatures of 300°C 
or more (Figure 4.1) Assuming that. the compositions of 
these high temperature inclusions have not changed since 
they were intially trapped (e.g. by," leaking during 
subsequent straining of the quartz), the homogenization 
temperatures represent the minimum trapping temperatures . 
Based on this assumption, the eight samples bearing 
inclusions with high homogenization temperatures (>300°C), 
are interpreted to have been trapped at temperature.s 
approaching the equilibrium temperatures in the shear 
%ones . Although these 
__, inclusions may not be primary in 
origin, they are the oldest inclusions present, and , thus 
they can be used to estimate the minimum pressure 
conditions in the shear zones following shear zone 
-Table 4 1 Comparison of the homogenization te mpe r atures , 
eutectic temperatures and melting temperatures mea s ured on 
fluid inclusions in quartz veins from shear zones on the 
Mirage Islands (CWM- samples) and Octopus Islands (CO-
samples). The 'a 1 in 1 t y (expressed as an e qui valent w t \ 
NaGl) may be estimated from the melting temperature of tee 
in liquid + vapour inclusions, and from the solution 
temperqture of liquid + vapour + solid inclusions and the 
.( 
species present in the fluid along with H20 may b e 
identified using the eutectic temperature of the fluid . 
... Abbreviations used: Th - homogenization temperature, Teu -
eutectic temperature, Tm -melting temperature. 
J 
• 
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Sample No. Th rs~ Tm saqnity composition* (°C) ( C) (°C) (wt~acl) (+H20) 
CWM-41C 87 -52.8 - 2 2 24 NaCl+CaC12 
34.8 
-52 -22 24. " 
111 -52 . 8 - 2 3 24.5 " 
" 120 -53 -22.3 ,.., 24 " 
35.6 -22 . 7 C02+/-H2S 
+/·S02 
" 200 -57 . 4 -30.1 27 NaCl+CaC12 
+MgC12 
240 - 58 . 7 212 28 halite 
204 
' 207 
183 -46 . 8 - 21. 5 23.8 NaC1+KCl 
+MgC12 
CWM-138 -42 . 1 - 2 3 . 9 25 NaCl+KCl 
+MgC12 
" 174 -59.4 -17 20 . 4 NaCl+CaC12 
• 
18~ +MgC12 -59. 8 - 16 .4 20 " 
200 -59 . 3 - 14. 3 17 
204 
-59.6 - 13. 4 16.5 " 
" 131 -63.4 - 31. 2 2 7. 5 
2 2 9 - 42.8 
- 2 2 24 NaCl+KCl 
+MgC12 
170 -65.7 170 25 halite 
26 -54.1 -20 .. , ~. 2 2 . 7 NaCl+GaC12 
CWM-143B 189 -48 128 24 halite 
156 -58.9 -2 0 . 4 23 NaCl+CaC12 
+MgC12 
173 -54.6 -18.8 22 NaCl+CaC12 
" 78 -4 7. 8 
" 256.3 -58 256.3 29 halite 
300 
-62 195 27 halite 
l.78 -68 -16 . 8 20.4 
154 . 
-57 -20.1 22.6 NaCl+CaC12 
+MgC12 
CWM - 145B 222 
-2 6 . 1 150+/- 28 halite 
214 halite 
.. 229 -24 halite 
" 232 - 29 . 5 halite 
.. 120.5 
147 
" 129 -52.3 NaC12+CaC 12 
271 -44.1 271 30 . 5 halite 
" 331 . 3 7. 7 / 170 25 sylvite, 
" 230 halite 
T 
. lH 
'i .. 
Sample No . Th Teu Tm ., salinity composition• 
CWM-l45B 364 
-34.6 274 30 halite 
" 308 
CWM-146B 95 
-61. 2 
-3.2 5. 1 NaCl+CaC1 2 
+MgC12 
·117 
-50 . 8 
- 10 NaC1+CaCl 2 
29 . 5 C02+? . 
" 120 ·54 ·20 NaCl+CaC1 2 
" 30 . l -58. 8 
-37.1 C02 
32 
-72 -40 C02(+Cll4"') 
348 
-18 18 
CWM-147B 124.5 
-56 . 8 . 2 4. 1 2 5 NaCl+CaCl2 
+MgC1 2 
.. 154.5 
- 7 4. 5 71. 3 23 halite 
168.4 
- 68.2 148 24 
.. 172 
-64 130 . 5 24 
.. 189 
- 73. 6 165 25 
" 19 . 2 -48 
-20 .2 C02+CH 4 
"' +H2 S 
20.1 -56 -30 
" 19 . 8 
-30 C02+ ? 
" 26.~ ' -24.9 .. 
.21. 2 -40. 1 J3o C02+CH 4 
+H2 S 
135 
232 
CTJ.t1-151C 99 
-44. 7 
-14 . 7 18 NaCl+K Cl 
+MgC 12 
n 101 -40. 1 
-14.4 1 7. 5 
CTJM-154C 382 -64.4 360 37 s ylvi te, 
382 halite 
.. 225 -3 8 NaC1HtgC1 2 
" 225 - 46.6 
-19.3 2 2. 3 NaCl+KCl 
+MgC1 i 
" 14 -84 -55 . 7 C02+CH4 
.. 28.3 • 80 ·. 2 
-52 . 8 C02-+CH 4 
.. ( 11.6 -60 
- 5 . 7 C02+CH4 
() 
133 
Sample No . sa linlt:y c om posit: ion* 
CIJM -1 5 5C 238 
107 
103 
128 
104 
.. 151 
.. 194 i 
.. 154 - 3 2 . 3 15 4 24 ha l i t: e 
1 4 0 - 50 . 2 100+/ - 23.5 s y lv i t: e , 
14 0 ha l i te 
376 -2 9 . 3 2 51 29 h a li t e 
.. 110 -28 . 3 ha l i t e 
314 -20 . 7 NaC1 
189 - 5 8. 2 NaC1 + CaC 12 
+MgC 12 
147 - 6 2. 6 
152 - 6 0 .1 NaC 1+CaC12 
+MgC12 "' 187 -6 4 . 5 
360 - 2 7 . 6 2 09 2 7 . 4 ha1 i t: e 
CIJM-163C 158 - 57 . 8 
- 3 3 . 9 2 8 Na Cl + Ca C12 
16 3 -55 .2 -3 5 . 4 
+MgC12 
29 .. 
1 2 9 . 5 - 64.4 
-2 8. 2 26. 3 
128 - 65.5 -2 9. 4 2 8 
• 220 - 66 . 5 
213 -64 . 3 
" 1 4 8 . 5 -60 - 5. 7 7 . 6 . NaC l+CaC12 
+M g C1 2 
131 - 4 5. 2 -2 7 .7 27 . 5 NaC 1+KCl 
+M g C12 
.. 128 - 4 4 
- 2 9.3 28 " 
" 126 -52 . 2 - 35.7 29 Na C l+CaCl2 
129 - 49 . 1,. 
-30. 1 2 8 
" i 2 3 -3 2 Na Cl+MgC12 
31 4 - 20 .7 Na C l 
" 189 - 58. 2 Na C l + CaC12 
1 4 7 - 62. 6 
+ MgC12 
.. 152 - 60.1 Na C l + CaC 1 2 
18 7 - 6 4.5 
+MgC12 
.... - .w 
J •. 
lH 
. • ·' .:. \.'!' 
f Sample No . Th Teu Tm salinity .~~?,~sitiont 
CWM-164B 1.64 -4 9. 3 164 25 halite 
305 -55 . 2 305 31 h n.li t p ' 
193 -4 6. 2 23 2o halite? 
306 -46.8 306 31 halite 
250 -48.6 - 2 6 2 5 . 7 NaCl+CaCL' 
150 -77.9 147 24 halite 
" 176 - 7 3 . 5 - 3 5 28.5 
" 152 - 7 8 152 24 halite 
" 150 - 7 9. 2 100+/- 24 sylvite 
150 halite 
C022C 244 -65.3 
- 15 . 3 19 
186 -58 . 2 - l 0 . 6 14.5 NaC1+Ca C1 ::' 
+Mg Cl'J 
" 415 - 3 8. 4 330 . 4 3 3 h alite 
386 -44 .2 386 33 . 5 halite 
C0 23 B 219 -54 . 6 -16.1 19.5 NaCl+Ca.C 12 
149 
- 2 8 26.2 
133 -'6 2 . 7 
-26.5 26 
93 -46 
-20 22.6 
29.6 -43 - 15 C02+CH4 
+H2S 
0 
. * "Composition" is a qualitative estimate ' of which phases are 
present (as chloride complexes) ln soluti on; ph a se s 
p~esented as minerals ar ~· daughter minera 1 s,ident if ied 
optically. Inclusions bearing MgCl2 may als o co nt ai n FeC l 2 ; 
these two sp e cies cannot be distinguished by tempe r a t u r l:' dat a 
alone (Crawford , 1981) . 
I 
Fi~ure 4.1 Histograms of homogeni z ation temperatures o f 
fluid inclusions in quartz veins from. selected sh ea r z on e s 
on the Mirage Islands (CWM· samples) 
(CO- samples). 
and Oct:opus Islands 
' 
• ·~ . 
~ CWM-41C 5 CWM-154C 
0 0 
~ CWM-138 5 CWM-155C 
0 0 
5 CWM-1438 ~ CWM-16JC 
0 0 
>. !) CWM'-1456 5 CWM-164C u 
1: 
• ::J 0 0 0" 
• ... CWM-1466 C0-22C .... 5 5 
0 
'\ 0 
5 CWM-1478 5 C0-238 
0 
5 CWM-151C 0 100 200 300 40 0 
0 
..... 0 100 200 300 400 .. .... 
... 
Temperature (oC) 
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equilibration. 
Co•pos1t1ons of Inclusions \ 
It is difficult to determine the composi t ion of 
inclusions quantitatfvely with non - de s t r u c t i 'v e 
techniques . However, . using data op freezing and melting 
tem·peratures of fluids, it infer which 
11pecies, along with HzO, are mos to be present ln 
the inclusion . 
In Tabl e 4 . 2, the critical point: and triple point 
temperatures of v~rious pure species are compared ( after 
Burrus, 1981) . For example , for a on.e-component flu i d 
composed of C0 2 , the horuogenizat~on temperature is 31. 1 °C, 
and melting occur• at -56.6°C (Burrus, 1981). 
Inclusions. which homog e nized at temperatures between 
l 
11.6 and 32°C are present in a number of samples . Upon 
further heat_ing they decrepitated. tH~se characteristics 
suggest that the inclusions contain C02 (Burrus, 1981) . 
In Figure 4 . 2, the h o mogenization temperature is plotted 
' 
'against the melting temperature of these inclusions. Of 
the el~ven in c lusions plotted in Figure 4.2, onl y on e 
inc 1 us 1 on ( 1 n sam p l e C tJM - 14 6 B) appears to be a 1m o s t pure 
.. 
. 
\ 
Figure 4.2 
~ } 
Homogeniz .~ti-6n temperature versus melting 
temperature for COz-bearing inclusions Homogenization 
temperature and melting temperature of pure is 
indicated on the diagram . 
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Table 4. 2 Critical point and) triple point temperature o f 
various species which are known to occur in fluid 
inclusions ("after Burrus, 1981). 
Component ~ Temperature* 
(critical point) 
374 
31.1 
157.8 
100.4 
-82.1 
· * ~emperature in °C 
Temperature* 
(triple point) 
. 0. 015 
-56.6 
:7 2. 7 
-85.5 
-182.5 
- ---.. 
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C02·bearing inclusions . Three present in samplt' 
CWM-154C have homogenization and melting t e m p e r a t u r t• s 
depressed below those o'f pure C02 (Figure 4 . 2) . These 
fluids probably also contain CH4, as the melting a n<.l 
homogenization temperatures lie between those of pure C02 
and pure CH4 (Table 4.2) . 
Sampl~_, CWM-41C contains two C02 inclusions with valur-~ 
of and slightly above those of pure 
(Figure 4.2). The presence of a sulfur-bearing componen t 
in the . fluid likely caused, this increase in temperaturf'! 
(Burrus, 1981), although it is not possible to say whether 
H2S or S02, or both, is present in the fluid . 
The three inclusions studied in sample CWM-147B 
j 
/; 
1\." ve 
. 
homogenization temperatures less than that of C02, ~d 
melting temperatures greater than that of C02 . Fluids in 
'~hese inclusions ma y contain both CH4 and a sulfur specie s 
\ 
. ~most likely H2S. 
Thus although C02 inclusions within any given qu11r t z 
vein appear to contain the same species , the relative 
concentrations of the species appear to vary, as indir.~tte d 
by the range in melting and homogenization temper,'lt .. lr"!> . 
However, this does not necessarily mean that more than 0 n t> 
f 
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trapping event of C02-rich fluid occurred in each quartz 
vein . Sterner and Bodnar (1984) and Roedder (1984) have 
1• pointed out that inclusions containing variable ratios of · 
two or more en'd member components can be the result of 
trapping of a heterogeneous fluid. This may be the cast._~ 
-with Mirage Island quartz veins. 
' 
• Host fluid inclusions examined homogenized at 
temperatu1e• between 100 and 200°C, and are interpreted to 
contain saline brines made up of H20 + NaCl +/- other 
chlorides. The salinity of the trapped fluids in liquid 
plus vapor inclusions was calculated frqrn the melting 
temperature using the following relationship: 
(4 . 2) W5 - 1 . 76958* 
(Potter et al., 1978), 
where W5 - wt ' NaGl 
g -melting point depression (°C) 
The salinity is expressed as an equilvalent weight % NaCl 
since volumetric data for NaCl-H20 solutions are well 
studied, and approximate the behavior of bri n es bearing 
CaCl2 , MgCl2. FeCl2 and KCl to within about 0.1\ (Roedder 
and Sodnar, 1980) . Brines with.more than 23:3 wt \ s odium 
chloride are staurnted with respe c t t o ·N aCl (Potter _u 
.U....... 1978), and yet several of th e S<llinities reported in 
· .. 
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Table 4.1 are greater than 24% , and have no daughtt-r 
crystals ~resent. 
, -/ 
Thus the main source of error must 1 1 e 
/' \. 
in thte measur-ement 
/ of the melting temperature of t h e [lui d 
/ 
i n\ 1 us i on s , and the sali n ities reported therefore are o nl y 
est'lmates . Nonetheless , it ca n be said that man y o f th•• 
' i liquid + vapor fluid inclusion s have high sal lnl t il' s , ( 
/ 
7~·~monly approaching saturation . 
The eutectic temperatures of the fluids were use d t o 
identify which species are likel y presen't in the f l u l ds 
The eutecti c temp e ratures o f sa l l n P 
fluids examined in this study ar e plott e d i n F i g u re 4 . 3 . 
C r a w f o r d ( 1 9 8 1 ) s t a t e d t h a t s a 1 i n e i n c 1 u s i o n s 1 n n a t u r· e 
alway• contain NaCl, and ma y al•o c ontaln o t\e< c h l od de 
specie s . Th e known eutectic temperatu r1e~\: o f b r i n e s containing v arious chloride species are a7 plott <' d i n 
1 Figure 4 . 3 (aft e r Crawford, 1981). 
Depression of the eutectic temperatures ob s e rved I n 
fluid inclu s i o ns in t his stud y i nd i cat e s t h a t ff! •J 
inc 1 us ion s ar e s imp 1 e N a C 1 b r in e s , but t h a t m o s t con t .1 l r, 
mor e t han o n e s a l t (Figu r e 4 . 3) . 
be distinglJ is hed •by t emper a ture data al o n e (Crawford, 
1981) , thus i n c l u sio ns inte r pre t ed t o co ntain MgC l 2 ma y 
cont a in in p a r t ( or entirel y ) Fe Cl 2. 
\ 
figvre 4.3 
temperatures 
Histogram showing the range 
found in inclusions in this 
of eutectic 
study. The 
eutectic temperatures for brines containing various 
chloride species (after Crawford, 1 9 81) are marked above 
the graph. 
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Table 4 . 1 lists the chlor.ide species present in the 
fluids, and their salinities (expressed - as equivalent wt% 
NaCl)'\ The presence of iron and magnesium chloride in 
many of the fluid inclusions is compatible with the basic 
composition of the sheared rocks, and supports the 
hypothesis · that the hy~rothermal fluids were derived a t 
least in part from a metamorphic source . 
A large number of inclusions was observe"d which 
contained one or more cubic crystals, identified as 
halite, a lo ng with a liquid and a gas phase at room 
temperatur e. In so me qua r tz veins, the r a tio of 
liquld : gas : s ol id betwe e n inclusions 
.". 
was approximately 
equal, and it ha s been assumed that the crystals in them 
are daughter minerals . The fact that the solid phases 
within any one quartz vein dissolved at about the same 
temperature is interpreted to bear out this assumption. 
In other quartz veins, the solution temperatures of 
the crystals are variable between inclusions. This ma y be 
interpreted in a number of ways. First of all, these 
inclusions may represent more than one trapping evenl:, 
with the solid phases being daughter minerals which have 
crystallized . from diff e r e nt fluids. Secondly , they may 
have been trapped at the same time from a heterogeneous 
~ ,_· . 
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fluid, in which case the salinities of the resulta n t 
inclusions would be variable, and daughter minerals woul d 
precipitate out at more than one ternperatur~ . 
/ 
F inall y, a n 
original fluid containfng a solid phase at the t i me of 
entrapment would produce inclusi o ns with a range of 
salinities. If t h i <>s is the c a~ e , then the N a C 1 cry s t a 1 s 
observed a,t room temperature are not daught er minerals, 
although some crystalline material pr ese nt may have 
precipitated in the inclusions since trapping (R o edde·r, 
1984) . 
Salinities of incl~sion~ containing solid phases w~r P 
d e t .enuined from the homogenization temperatur e s of the · 
'· fluids, using Figure 4.4 (Keevll, 1 94 2) . 
I 
Values lis t ed 
I 
are the salinities of ths fluids wh v h. if the crysr:-als 
are truly daugh,te r minerals and were not trapped as 
solids, reflect the salinity of the fluid from whi c h t he 
inclusion was derived. Salinities range from 14 to 37 wt 
% NaCl equivalent . Fluids are composed o f ·• H20 + Na Cl ·+/ · 
CaClz +/- KCl +/- MgClz (+/ - FeCl2 +/- Fe C l 3 ) (H e T a b le 
4. 1) . 
\ 
, 
.._[_.1._..11,._,\.l,_,._r _,.e_.:..4 ..... =4. · S a 11 n 1 t y (expressed as " .. equbralent wt ' · NaCl) 
vs. solution temp e rature for fluid inclusions bearing 
daughter minerals (Keevil, 1942). 
I~ 
-~ 
60 
( 
50 
equivalent wt %• 
NaCI 40 
200 300 400 500 
Solution Temperature (•C) 
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The rmobarometry 
Unlet>s a fluid inclusion can be shown to have been 
boiling at the time of entrapment, the homogenization 
temperature will be less than the trapping temperature 
(Roedder, 1984). Since no evidence was found in this 
study to suggest that the fluid was boiling (such as 
variable liquid:gas ratios of several inclusions which 
hon~ogenize at the same te111'9erature), it is believed that 
the homogenization temperatures presented in Figure 4 . 1 
are less than the trapping temperatures. With an" 
-. 
independent measure of pressure at the time of formation, 
the actual trapp.ing temperature can ,. be determined. 
Similarly, an independent estimate of temperature can 
allow an estlmate of the pressure of entrapment. 
The assemblage amp-hibole + plagioclase + epidote + 
calcite + quartz is preserved in two shear zones, and 
yields equilibrium pressures of between 2 and 4 k~ars 
using the thermobarometer of Plyusnina (1982) (see Chapter 
2) . This is the only semiquantitative estimate of 
pressure obtained in this st:udy, and is not sufficiently 
accurate to be applied to fluid inclusion data to 
determine the difference between homogen i zation and 
trapping temperatures. However it d.oes give an indication 
' 
1 'll 
of the upper limit of trapping pressure of the'! fluids . 
Oxygen isotope thermometry (Chapter 3) has yiel dt>d 
independent estimat e s of the tempe"rature of formatio n fo r 
the quartz veins in which t h e fluid inclusions were 
examined . As these temperc~.turt>~s are n~t dependent o n 
pressure, uncertainty associated with them is due so I td y 
to analytical, experimental and .calculation erro r s . 
Furthermore, in Chapter 2, Spear's (1980 , 1 9 81 ) 
geothermometers were applied to sheared samples c ont al n ~ng 
plagioc lase and amphibole; 
very small dependence . on 
these thermometers hav e on l y a 
p r e s s u r e , ·and h ave y 1~ l d e d 
temperatures which are estimated to be near the ma K l mu m 
temperature occurring in the shear zones. 
\._/ 
As noted in Chapter 4, te11peratures determine d fro 11 
isotope thermometry cluster in two groups which are 
interpreted to reflect two thermal events • an amphibol i te 
g r ade (Ml) event with an average temperature near S90 ° C , 
and a greenschist grade (M2) eveht near 420°C. In Tabla 
4 . 3 homogenization temperatures of the olde s t ( t hat . b, 
the highest temperature) inclusions are c ompa r e d t o 
temperatur e estimates derived from oxygen iso t opes a nd 
f~om ~ lagioclas e -ho rnblende equilibria . 
The d ,ata •h a ve been d i vid e d i nto two g rou p s : t h os e 
--- ~ -~ - - ----- - - ----
\ 
I 
Tl'lble 4.3 Comparison of 
fluid inclusions to the 
<he homogenization <~ure of 
formation temperature. determined 
from oxygen isotope thermometry or plagioclase-hornblende 
th 8 rmome try . 
Table 4 . l) ' 
v 
Given 
the 
estimated from the 
the salinity of the inclusions (from 
maximum formation pressure can be 
difference between the ·format ion 
temper.ature and ' the homogenization temperature. 
Abbreviations used: homogenization - temperature, 
Tfm - formation temperature, Pfm- formation pressure. 
Thermal event Sample no . max Thom Ttm Tf~-T~om Salinity Pfm (oC) ( C) ( C) (wt 
' 
Na Cl) ( k b ) 
Ml C'WM-143B 300 620* 320 27 >3 CWM-146B .348 574* 226 21 2 . 1 CWM-155C 376 485** 109 29 1.1 CIJM - 163C 314 596* 282 > 2 5 3 
H2 C.WM-145B 364 366* 2 30 0 CWM-154B 382 454* 72 37 0 . 75 CWM-164B 306 352* 47 31 0 . 6 C0- 22 C 415 430* 15 33 0 . 2 5 
* Tfm determine d from oxygen isotope thermometry 
** Tt11 determine d from plagioclase-hornblende thermometr~ 
\ 
\ 
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which equilibrated at amphibolite facies ( M 1 ) 
temperatures, and those that equilibrated at greenschist 
facies ( M 2) temperature, baud on independent 
thermometers. Homogenization temperatures of inclusions 
from M2-equ1librated samples are 
equilibrium temperatures of their 
range in Teqm-Thom from 2 to 72°C 
slightly less than the 
hoH •h••\zone~, with a 
(Table 4.3). One of the 
inclusions in CWM-1458 has a homogenization temperature 
almost identical to the equilibrium temperature of the 
shear ~one from which it was sampled, suggesting that this 
inclusion was trapped during or immediately following 
equilibrium in that shear zone. Thus it is .possible that 
this inclusion is primary. 
The difference between equilibrium and homogenization 
temperatures can be used, together with 
compositional data, to estimate the max.imum pressure of 
entrapment, using Figures 1 to 6 of Potter (19770 which 
give temperature corrections for different valuis o~ Thom 
/ 
at various salinities (see Appendix D) If the inclusions 
are assumed to be primary, then the pressures · represent 
the trapping pressures of the inclusions formed during 
vein precipitation . However, if the inclusions are 
secondary, then the traplling temperature of a given 
inclusion will be intermedi ~ te between the homogenization 
temperature and the equilibrium temperature of the shear 
'"'---
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zone, and thus the trapping pressur~ estimated from 
Ttrap·Thom will be lower. Maximum trapping pressurus fot· f' 
quartz veins in M2-equilibrated shear zone:; range ft· um 0 
to 0 . 75 kbar (Table 4.3). 
I t seems 1 ike 1 y that inc 1 us ions from the amp h 1 b n 1 1 t ,, 
facies (Ml) shear zones are not primary, since t h •. 
differences between Ieqm and Tho~ are greater th~n l00°C . 
Oxygen isotopes from quart~·chlorite pairs in theae veins 
and the plagioclase-hornblende thermometers of Spear 
(1980, 1981) yield temperatures indicative of the 
am'Phibolite facies (Chapter 3), implying that the veins 
were deposited during Ml. However, the high e s t 
homogenization temperatures of · the flu l.d inclusion.'i 
correspond to greenschist facies temperatures. suggesting , 
that these inclusions were trapped later, possibly during 
M2. 
· .  
If an assumption is made that the f l uid inclusions 
from the amphibolite facies shear zones are primary (that 
is, syn·Ml), then the trapping ~ . pressures ranged from 1 ' 1 
to >3 kbars (Appendix E) If, on the other hand , they 
were trapped during M2, formation pressures would have 
been considerably lower. For the latter case, an 
approximation of maximum t:rapping pr e ssure can be madt 
using the average M2 temperature of 420°C frou1 i sotope 
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therwo wetry. Ttrap-Thom would then range from 44 to 
120°C, and the correspondj,.ng pressures would range from 
0 . 5 to 1.25 kbars. Clearly th.::se pressures are 
approximate, and are only as reliable a s the assu~ption 
that Ttrap- 420°C. 
l 
Another method commonly used to determine the 
temperature and pressure at which an inclusion was trapped 
i• with intersecting iaochorea (lines of constaut density) 
on a plot: of pressure vs. temperature. If two inclusions 
witt) different compositions (such as C02 and H20) are 
trapped during the same event, then th.e point of 
intersection of their isochores will represent the 
presaure and temperature at the time of their entrapment 
(Roedder and Bodnar, 1980). This method can on~y be used 
... --
if the two inclu•ions are pure components (ibid . ) . 
Unfortunately this technique cannot be applied to the 
data from this study because the inclusions are not ~ure : 
the lowest salinity reported for an H20-rich inclusion is 
5.1\ NaCl, and only One sample (CWM-1478·) appears to 
contain near-pure C02. Furthermore, there · is no evidence 
that the and inclusions formed 
simultaneously ; in fact, given the r a nge of homogenization 
/ 
temperatures and fluid c ompositions, th e re a ppe a r to h a v e 
been several trapping events. Finally, most l o w-s a l inity 
lS S 
inclusions have low homogenization temperatures (nllar 
100°C), and since H20 i~ochores are close to isothermal 
(low T/ P) for low values 
temperatures they would yield 
of 
muse also be 
the trapping 
fairly low . 
Therefore these inclusions would not provide informatio n 
on the pressure and temperature conditions 
shearing, but they would estimate the pees sure and 
temperature at the time of their entrapment, following 
peak thermal conditions. 
Discussion 
Of the thi.cteen samples analyzed, eight quartz veins 
contain inclusions with homogenization temperatures 
sufficientl~ high 
conditions in the 
to estimate 
shear 
Temperature estimates 
thermometry are available 
plagioclase-hornblende thai 
the maximum pressure 
during equilibration . 
of fluid inc lusion 
g e n i s o t o p e d a t a a n d 
and show that the 
shear zones, like the surrounding unsheared rocks , re c ord 
two thermal events, Ml and M2. 
M2-equilibrated shear zones have inclusions which 
yield maximum trapping pressures of 0 to 0. 75 kbar for 
trapping temperatures between 350 and These 
pressures would b e lower for inclusions trapped after 
~-
( 
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ahear zone equilibration. Homogenization temperatures in 
Ml shear zones suggest that the inclusions are secondary. 
Assuming. trapping temperatures corresponding to M2 
conditions , maximum trapping pressur~s range to about 1 . 25 
kbar. 
This range of pressures ls considerably lower than the 
'~ 
2 to 4 kbar indicated by Plyusnina· ' s (1982) 
thermobarometer. However, 2 to 4 kbar is the upper limit 
of trapping pressures for primary inclusions, and all or 
moat of the high temperature inclusions in this study are 
secondary inclusions. 
Roedder (1984, Figure 9.5) proposed a model in which 
boiling can occur in a closed fluid-filled vein as a 
result of faulting. In this model, movement on a fault 
causes an increase in volume of the contained fluid , thus 
reducing pressure, and if the critical curve is reached , 
boil~ng will occur. Figure 4. 5 demonstrates this thesis , 
for a she ·ar zone in which the "regional" lithostatic 
pressure is 2 to 4 kbar. Following a component of 
movement in the shear zone, effective fluid pressure is 
reduced, resulting in a lowering- of the solubility of Si02 
in the fluid and precipitation of quartz in the shear 
zone. Primary fluid inclusions tra pp ed during t he 
formation of these quartz veins would have formation 
. ' 
Fi&ure 4. 5 Schematic diagram of a shear z o ne i n whi c h 
localized mo~ement produces a dilatent zone , causing a 
drop in fluid pressure and the concomitant precipitati o n 
of silica. 
inclusions 
The 
in the 
trapping Rressure 
quartz will thus 
of primary fluid 
be lower than t he 
regional pressure of 2 to 4 kbar in the shear zone . 
"-~-~ ~ 
' ' ' 
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pressures considerably l ower than the lithostati~ pressu r ~ 
in the shear zones. Secondary !.nclusions could als o b t> 
trapped in this way( in low pressure zones produced durin g 
the straining o f the vein resulting from incre me n tal 
movement along the shear zone. 
Shear zpnes on the Mirage I s l a n d s are c h a~ac,~ri :e d bv 
""" s t r on g 1 y s c h i s t o s e z one s , 1 o c a 1 1 y 1 n t r ~de d b y an a s t o 1u o s 1 n g 
quartz veins that are subparallel to the s h e 11 r 7.0 1H : 
fabric . A process such as that illustrated in Figure 4 .~ 
was probably operative during shear zone formation , wi t h 
s everal episodes of movement along the s h ear z o n e s 
resulting in a series t h rough time of localized l o w 
pressure (dilatant) z o n e s into which hydrotherma l flul ds 
·flowed. Fluid,s trapped i n quartz veins' dur~these 
events record a range of , pressures which a r: le(~ th a n th e 
regional greenschist (M2) pressure of approximjtel y 2 to 4 
kbar . 
A large number of se c ondary inclusions wa s e x a mined 
which have homog e niza t ion te mperatures be t ween 100 a nd · 
These inc l u s ions contain flui d s whi c h we r e p r ese n t 
in the shea r zon e s during their cooling. No systt~mati c 
relationship between salinity or fluid c omposi t ion and 
homogeni zat ion te mper a tu re o f the s e c o nd ar y inclusio ns wa5 
.  
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found . . If incremental movemen.ts along the shear zones 
continued during cooling ( p o s t.· p e a k • M 2 ) , then these 
second-ary . inclusions would represent fluid pulses which 
moved through the shear zones, and ~ere trapped in low 
pressure zones caused by, the movement. The strained state 
-·-- - -
of the quartz attests to movement in some shear zones 
subsequent to vein deposition . 
.. 
The composition of the fluids which moved through the 
shear . zones was variable . Most were saline fluids 
'contain 1 n g H 2 0 + N a C 1 +I· C a C 1 2 , KG 1 , M g C 12 and I or Fe G 1 2 , 
with salinities ranging from 4.8 to 37 wt \ NaCl. Some 
·.rA f 1 u ids con t a in e d C 0 2 +I · G H 4 , S 0 2 and I o r H 2 S and N a C 1. 
The compositions of the fluid inclusions suggests that 
the fluids present in the shear zones following their 
equilibra"tion were derived at least in part from 
meteoric water!!, since gro u nd water typically has a high 
sali~ity (Fyfe et al, , 1 978). 
In the previous chapter it was suggested from isotop i c 
evidence that the late hydrothermal fluids inay have been 
thf! . product o f a mix e d source, composed of meteo·ri c: and 
either metamorphic O"r magmatic fluids. The compositi on of 
~ a low grade metamorphic b r ine f rom a wel l i n th e S a lton 
Sea wa s found to contain si gnificant C0 2 and CH4 , as well 
164 
as H2S in the gas phase, and >3000 ppm Na, Ca, K, Fe and 
Cl in the fluid phase (Fyfe et al., 1978). However, C02 
is also known to be present (~n lesser amounts) in fluids 
derived from a magmatic source (ibid.), and so it, is not 
clear from this line of evidence whether the trapped 
fluids are a mixture of .ground water and metamorphic or 
"' magmatic puids (or both?). 
The cations carried in solution were likely derived 
from the sheared rocks · which host the quartz veins . 
Chemical changes in the shear zones which resulted from 
reaction with these flu i ds are discussed in the following 
chapter . 
In _genera 1, 
composl tion and 
that there were 
given . the large variation in fluid 
homogenization tempera .turea, it appears 
either several generations of fluid 
trapped over tim~, or a numb.er of trapping ·events occurred 
(corresponding to incremental movements?) in the presence 
of an evolving brine following shear zone formation. 
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CHAPTER 5: SHEAR ZONE GEOCHEMISTRY AND REACTIONS 
Introduction 
Significant chemical 
hydrothermal alteration and 
resulting in new mineral 
changes commonly accompany 
metamorphism in shear zones, 
assemblages' different bulk 
chemistries, and changes in the oxidation state in the 
altf:lred rocks (e.g. Kerrich, 1983). ' In this study, whole, 
rock geochemical analyses were carried out on 
&heared/unsheared rock pairs· , in order to document changes 
in bulk chemistry across the shear zones . Mineralogical 
changes in sheared rocks are characterized by balanced 
reactions. 
It was found that, in general, 'the observed changes in 
major element abundances may be predicted from 
mineralogical changes in the shear zones. 
Analytical Techniques 
Analyses of major elements were 
absorbtion spectrophotometry on solutions 
and trace elements were analyzed by X- ray 
pressed powder pellets (by G. Viennott). 
element analyses are estimated to be 
done by atomic 
(by C. Andrews ) , 
flourescence on 
Errors on major 
+/- 2% of the 
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reported values, and for trace elements errors are about 
+/- S\. The data are presented in Appendix E. 
In the following sections, the "protolith" of 
sheared rock refers to a metamorphosed, lithologicall y 
equivalent rock outside of the shear zone . 
Calculations and Results 
Bulk Chern 1 s try 
Gresens (1967) has shown that in order to quantify the 
; 
net chemical changes between any two rocks,, one variab )l' 
has to be assumed to be constant . This can . be a n y 
~lement, or .a parameter such as mass, volume or density . 
Considering the extent of hydration in the Mirage Island 
shear zones , it is unlikely that volume or mass remained 
unchanged during alteration . However, an as s umption of 
constant Al has been made, which is q u alit a t i vel y 
supported by the fact that the magnitude of the change I n 
Al conc e ntration between sheared and unsheared pairs 1 ,. .. 
generally smaller than that of ocher elements . Hos t 
sheared samples show a change of 10% or less ( 1. 5 wt · ~ o r 
' less) in AlzOJ relative to t:heir protoliths . In a f e w 
cases, the change in concentration of Al is signific a n t 
(near _30\, or 5 wt \), but Alz03 was still used as t he 
167 
invariable parameter, in order to compare results between 
sh.e..&..r zones. Thus even if the assumption that Al203 was 
~mmobile during alteration is incorre~t in some cases, it 
is still. valid since it allows .a comparison between shear 
zones of the chan.ges ln abundances of other elements 
relative to Al . 
Grant (1986) devised a · graphical means of determining 
relative gain11 and losses of material in an altered rock, 
which is simpler and more · convenien-t to use than the 
equations of Gresens (1967) . To use Grant: s (1986) 
technique, the concentration of a given element in the 
unaltered rock is plotted on the horizontal axis, and its 
concentration in the altered rock is plotted on the 
vertical axis . All elements are plotted this way, then an 
isocon is drawn from the origin through the element whose 
concentration is assumed to h,:9.ve been unchanged during 
a 1 teration . These diagrams can also be used for constant 
volume or constant mass alteration. 
In interpreting the diagrams, all elements which lie 
on the isocon have maintained a constant concentration 
during alteration; those lying below the isocon were 
depleted during alteration, whereas those above the isocon 
we r e · enriched. The amount by which an element is en r ic h e d 
or depleted is determined as the pe r cent (posit i ve or 
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negative) · with respect to its concentration ln thp · 
proto lith by proj action onto a vertical line that 
intersects the isocon at zero (see Figure 5.1) 
lsocon diagrams were made for every shear_edjunsheareJ 
pair analyzed from the Mirage Islands . An example is 
given in Figure 5 . 1 and the rest are presented in Appendix 
F. 
The results determined using the isocon technique are 
assembled by element for shear zones in metabasic rocks 
(mainly sheared gabbros, Figure 5.2), and in felsic to 
intermedi~te volcaniclastic rock$ (Figure 5.1). A number 
of patterns emerge. 
In the me tab as i c rocks , a 11 of the she a r :fo n e s are 
predictably enriched in volatiles, most by more than 
Potassium and rubidium share similar trends: shear 
zones enriched in K are generally also enriched in Rb, and 
vi ~ e versa. Overall these two elements show the greatest 
amount of change, with a nat increase within the sheared 
mafic rocks locally as high as 500', and commonly greater 
than 50\ . Calcium and · s t ron t 1 u m ~w 
..; ..,;; • 
similar 
interdependence and are depleted in most shear zones, in 
inc--places by more than 90%. The net depletion of calcium 
Fi~ure 5.1 Isocon diagram for shear zone CWM- 34. The 
concentrations of every ~lement (multiplied by a factor to 
produce a value between 0 and 30, where necessary) in the 
unsheared sample (horizontal axis) and the sheared sample 
(vertical axis) are plotted on the graph. 
line from the origin through some 
The isocon is a 
element whose 
concentration is assumed to have remained constant during 
alteration, in . this case Al. All other elements, when 
projected on to the vertical construction line · on the 
right hand side of 'the figure~ lie above the isocon 
(indicating that they were enriched during alteration)~ or 
below the isocon · (indicating that they were depleted 
during alteration). 
The vertic a 1 ~ ons true t ion 1 ine may be sealed be.low the 
isocon from 0' to -lOOi at the point where it intersects 
. the horizontal axis (where the concentration of an element 
in the altei~d sample- 0), and fro~ 0% to infinity above 
the isocon, and then the magnitude of enrichment or 
depletion of the mobile elements can be read directly off 
t he diagram. 
LOI (loss on ignition) indicates the volatile content of 
the rock ·. 
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Fiiure 5 2 Graphs showing.the gains {positive) or losses 
(negativ e) of various elements in each shear zone hosted 
in metabasi•c ro cks , me a s ured as a percent relative - to t he 
equivale~t rock outside of the shear z o ne . 
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Figure 5. 3 Graphs showing the gains (positive ) or losses 
(negative) of various elements i n each s h ear zone hosted 
in felsic to intermediate volcaniclastic rocks, measured 
as a p e rcent relative to the equivalent rock outside of 
the shear zone . 
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the sheared rocks is in accord with the change i n 
plagioclase composition noted in Chapter 2 in which 
labradorite is replaced by albite in the shear zones. The 
calcium, liberated by the reaction must have been f l ushed 
from the system. 
In the sheared rocks , total iron content generally 
~hows a slight inc~eas• over the unsheared protolith 
(Figure 5 . 2), with a net increase in the amount of ferrous 
iron , and a net decrease in ferric iron . Thus most 
s heared rocks record a reduction of iron with respe ct to 
their protoliths : However, there are a few exce p.t ions , 
and some shear zones were oxidized during alteration . 
Magnesium and manganese display variable trends i n t he 
, 
shear zones . Of the 21 shear zones analy z ed, MgO is 
I 
4'epleted in 7 ; enri c hed in 10 ; and remains approximatel y 
I 
~onstant in 4. MnO i s depleted in ll ; enriched in 7; and 
is unchanged in 3. This is interpreted .to indicate that 
MgO and MnO were mobile during shearing , al t hough on a 
"reg i onal" scale (encompassing all of t he shear zones) , 
the chemical system was approximately closed with respect 
to both elements. 
Mo s t sheared samp le s show little c h ange in t h e silica 
,. 
j. 
u 
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content. Ten shear zones are depleted in Si02, 8 are 
enriched, and 3 remained const.ant . One shear zone 
(CWM-145) records a large increase in Si02 content ; more 
than 500% . Although ca;re was taken to select sheared 
samples which did not contain quartz ve in•, this 
significant enrichment in silica suggests that there was a 
quartz vein present in this sample. 
Titanium and chromium each have apparently random 
chemical trends,. with no consistent sense ~f enrichment or 
depletion. The magnitude of the change in concentration 
of these elements can be . quite large. Locally Ti02 i 's 
enriched by more than 100%; elsewhere it is depleted by 
f 
more than 70% , while Cr P-nrichment can exceed 200\ and 
depletion approaches 100% in places. However , the net 
change in concentration may only be on the order of a few 
parts per millio,n, since these elements are present in 
trace amounts . 
Sodium concentration shows an ov e rall decrease in the 
shear zones. Although it is consumed by the fo:-mation of 
albite, more sodium is released during shear z o. ne 
a 1 t era t ion t h.a n 1 s used up , res u l t 1 n g in a n e t de p 1 e t 1 on 
in sodium. Mineral rea ct ions are pr ese nted 1n th e 
following ~ection . 
.. 
\. 
• 17 7 
Ke.rricb ( 1983) also com9riled · chemfcar· da .ta for shea r ed 
metabasites from the Campbell and Con shear zones a t 
... 
Yell·owknife. The Yellowknife - shear zones, 1 ike tho),e on 
the Mirage Islands, record a consistent enrichment i n K 
and Rb, and a depletion in Na.· Generally, more silica was 
I 
def>osi.ted in the Yellowknife shear 
of 1 ower equilibrium tempe l"a't"'l!:e s 
zones, probably bec.iluse 
. - \ 
in the Yellowknife area 
( 32 0 480°C; Kerrich, 1983) than. in the Mirage !~lands 
( 3 6 0 to 6 0 0 ° C , this study ) , a n 'd thus 1 ili c a so l u b il i t: y was 
lower near Yellowknife . Mg, Ca , Sr and Cr display similar 
chemical trends in the Yellowknife shear zones : wi th 
increasing intensity of alteration, these e1e1Dents were 
"'-! 
intially depleted then subsequently enriched in the shear' 
zones ·o<errich,. 19~3). I n con t r a s t , i '(l t h e M i r a ·g e · I s 1 and 
shear zones, Ca · and Sr are consistently depleted and Mg 
and C r behave variably . Ferric iron ·in the Campbell and 
Con shear ron e s is s 11 g h t 1 y en r 1 c he d , whereas 1 t 1s 
depleted in the Mirage Islands. Trends of ferrous 1 ron 
were not presented by Ker.rich (1983). 
Changes in the concentrations of elements in shea r e d 
felsic to intermediate volcanogenic clastic rocks from t he 
Mirage Is_lands are presented "in Figure 5 . 3. A 1 tho ugh 
volatiles show an overall enrichment in the shear zones , 
three samples (CWM- 36, C'WM-141, a nd CW M-144) record a net 
depletion . In ---chapter 2 it was shown that th e common 
\ 
\ 
mineral assemblage 
is quartz, 
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of the fine-grained volcaniclastic 
feldspar, muscovite, biotite and 
c h 1 or i ·t e ; 1 n d i cat i v e of greens chi s t fa c i e s me tam or phis m . 
It appears likely that the anisotropy (bedding) of these 
" 
rocks aided in hydration during M2, and so Ml (amphibolite 
~ ---.----f-acies) assemblages were only rarely preserved. The 
., 
amphi·bolite facies assembla~e of these rocks would have 
been quartz + feldspar + muscovite + biotite +/- an 
amphibole; the lack of chlorite being the distinguishing 
feature from the greenschist facies assemblage. 
Therefore.. even if this ass emb 1 age was flushed through 
with large volumes of fluid, only a small amount of }\20 
could be accomodated in the · new mineral 
assemblage. 
In shear · zones in felsic rocks which record 
significant increases in volatile content, either biotite 
and/or am-phibole were replaced by_ .. chlorite and/or biotite, 
or the modal abundance of ~icas increased significantly in 
the shear zone. However, where unsheared assemblages did 
not have the appropriate bulk composition to produce 
·chlorite, very little change in volatile content 
occurred. If the protolith was a greenschist facies 
assemblage. a ·significant enrichment in water content 
would be unlikely. Perhaps the apparent dehydration of 
three of the sheared rocks is a function of sampling. As 
( 
J 
. ' 
1'7 9 ' 
these rocks are compositionally layered, 'if the sheared 
. 
sample contained less mica and chlorite than the unsheared 
~ 
s amp 1 e , an a·p parent r e duct ion in H 2 0 c on t en t w o u 1 d be 
observed . Figure-5.3 indicates that volatiles wer e mobile 
during shearing, and regionally they are clearly enriched 
in ' the shear zones . 
• 
As in the sheared mafic rocks, K and Rb share similnr 
trends and are •. overall, enriched in the shear zones . Ga 
and S r are also . ' interdepetl'dent an·d show no apparent 
regional change, although their concentrations are quite 
variable between shear zones. 
The patterns for iron' are similar to those in the 
" sheared meta'basites a ne·t inc .reas'e in total iron occurs, 
with ferrdus iron enriched more than fe·rric iron , except 
in two shear zones (CWM-36 and CWM-140). Mg and Mn are 
enriched regionally, although of the 8 sheaJ;, zones 
examined, 3 are depleted in MgO and 3 in MnO ·. 
Silica is depleted in 5. <>f the 8 shear zones, and 
enriched in 2. Of the 3 shear zones depleted in 
volatiles, 2 are enriched ia sil.ica. ,This may indicate an 
increase in modal quartz and a concomitant dlcrease in 
mica • content in these 2 shear zones, explaining the 
decrease in HzO content, as described above. 
• 
... 
( 
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Ti · and . Cr show no s i 'gnifican,t regional cha~ges in 
concentration. Titanium contertt is increased in 3· shear 
·zones, decreased in 3, and remained .... constant in 2. 
Chromium is increased in 3. decreased in 2. and is 
unchanged in 3 . 
. . 
Finally, Na in sheared felsic to 
deple~e~ in every shear 
intermediate 
volcaniclastics is zone but one, 
indicating a net regional depletion in sodium. 
Generalizing on a regional scale, th~ shear zones have 
Jo 
acted as approximately closed chemical systems with 
... 
·respect to magnesium, manganese, silica, titanium and 
chromium; and as open systems with respect to potassium, 
, 
rubidium, calcium, strontium, iron, sodium and volatiles. 
The shear zones are enriched in potassium, rubidium, 
ferrous iron, and volatiles, and det:tleted in ~alcium, 
strontium, ferric iron and sod(um. 
Kin·eral Reactions 
-· 
r, • I n t h i s s e c t i on , b a l an c e d r e a c t 1 on s are p r e s en ted 1 n 
order to characterize the mineralogical changes that are 
observed in the shear zones. For a given reaction ·the· 
modes of mineral phases in 100 cm 3 of rock were determined 
, . 
•. 
.. . ·· .. · 
\ 
I 
.... 
"· \ 
... 
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by point counting (1000 points) and · the . modes 'IN! re 
converted to molar quantities (see Appendix G). 
The reactants in a given equation are the minerals in 
the unsheared protolith; the produc~ are the miner4ls in 
the sheared sample. Where a ei ven phase occur I on both 
. ' 
sides of a · reaction and its composition ia nearly the 
- ~ . . 
~ame, the difference . between its <&bundance · in th~ 
reactants and product presented on one side _of the 
e·quation, for simplici of amphiboles , 
chlo.rites and 
analysis (see 
epidote have been taken 
compositions 
as 
determined by microprobe 
·. 
those of sericite and 
the ideal eyS member 
epido~ 
<W 
Since bioti~e gr~ns were too 
small to analyze with the microprobe, their formula waa 
approximated - as K2(F~.~g)6SJ6Al202o(OH)4. Fe:Mg ratios in 
·I I . 
/ :...>- J' biotltes were assumed to b'e the same as Fe : Mg ratios in 
I 
coexisting cblorit~ and/or amphibole. As in the pre;;ious 
section, Al is 
alteration, ·and 
. I 
a s is u me d to have rem a in e d cons t a n t d u r i n g 
I 
I • 
thus the net chemical changes predicted by ! 
these reactions are relative to Al. 
• 
When the reactions were balanced for alumina, it was 
found th a t ~hey did .not b a lance for other elements . 
Cations were / added (as oxides) on either side o f the 
.. 
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equation as ' needed to · balance the reactions, thereby 
.providing a semi - Q.u ant 1 tat i v e estimate· of the bulk 
.. 
·· c he m i c a 1 c h an g e • i n a g iv en she a r z o n e . The cations are 
assumed t& have been carried by the hydrothermal fluids 
• I 
which moved through the shear zon~s. 
' A sample reaction for a sheared gabbro .is presented 
below . With the exception of a few ~lements, this 
' balanced reaction predicts the behavior of the major 
elements successfully. Although the mobile elements are 
preaentttd as oxides, the_y may _ in fact · have been 
, 
transported . as complexes with other anions besides 
oxygen . This is discussed further in the following. 
~ction . 
-·. -·· -· -- -----1 
'• 
.r 
' 
\ 
' 
• 4 /' 18 3 
(R5.1)' CWM-142A to CWM-14zB 
' .25l(Ca . s3Na. . 4sAll.~)Si2.460Sl + .052{Ca2Fe+3Al:l"ost 3o11 0itl 
(plagioclase) (epidote) 
+ .17l{K.QJ(Cal . 80~~.17)Fel.68Mg2.54Mn.o3Fe.s4Al.l4 
(actinolitic hornblende·) (Si7·4QA1.6o)022(0H)2l 
+ {.017K20 + .304Fe0 + . 003Mg0 + .641H20 + . 056co 2 + 
.OlOS02l 
(FLUID) 
· 1 0 0 ( Fe 5 . ·o 9 M g 3 . 9 9 M n . 0 3 F 8 . 0 8 A~ 2 . 6 2 ( S 1 S,. 6 0 A 1 2 . 4 0) 0 2 0 ( 0 H ) 1 6 l 
(chlorite) 
(plagioclase) (quartz) 
(pyrite) (calcite) (biotite) 
. . 
·· --- - ------ -*---+ 036Na20 -+- ,485Ca0 + . 068Fe203 + . 002 MnO + . 813S102l 
(FLUID) 
In order to balance this reaction, K20, FeD, H20 
1 
C02, 
S02 and trac& amounts of MgO ar~ required .aa reactants, 
and Na20, CaO, Fe203 I S 102 and minor KnO are required as 
products . Comparing these results with thoae of Figure 
5 • 2 • 1 t can be seen t h a t t hi s rea c t i 0 n·; p ·r e_d_i ct. the s e n s e 
of movement (into or out of the shear zone) of moat 
elements correct ly, although the magnitudes o f t~e 
"' 
" 
I 
• 
enrichments and depletions do not cor elate well~ 
I 
' ". 
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I t i s 1 n t e res. t in g to no t e t)1 at the sodium 
'" content o"f plagioclase · is increased in the shear zone 
(from ;_,bradorite to albite,), the net sodium content. of 
th_e sheared rock is less than its protolith. This is 
because ll)ore sodium was incorporated in the amphibole in· 
the protolith than was required in albite in the sheared 
rock. Furthermore, there is a decrea:·se in abundance of 
feldspar from 25% (modal) in the protolith to 19' in the 
altered rock from the shear zone . 
From reaction RS .1 it can be seeno that . 641 moles of 
H20 and .056 moles of C02 are consumed ita~ producing the 
sheared mineral assemblage . Given a molar mass of ' water 
of 18.015 g/mol, and a apecific volume near 1.3 cm3/g at 
the temperature and pressure of shearing ( Fyfe, et al., 
1978); and a mass of C02 of 12.011 g/mol and specific • 
volume of 1250cm3/g (CRC Manual, 1983), this corresponds 
or a minimum 
fluid: rock volume ratio of about 10:1. Note that this 
ratio is only an approximation, since it was . calculated 
from volum~tric data on pure H20 and C02. Reaction RS.l 
indicates that the fluid was not a pure H20-C02 mixture, 
but that several cations were dissolved in it. Given an 
average salinity of H20 between 20 and 25 wt 
' 
% NaGl 
\ 
\ .. 
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~indicated from · fluid inclusion data), ·the specific volume 
of the fluid would be !'ower than pure ~· 
pressure and temperature conditions. Furthermore, it wa.s 
c 0 n c 1 u de d i n the pre vi 0 us c h-4 p t e r that c 0 2 - be a r in g '! 1 u i d 
inclusions were not pure C02, but c~ntained CH4 and 
in unspecified quantities. The specifi c 
volume of an impur~ C02·rich fluid is different than that 
of pure C02 . 
It 
' 
is not possible to calculate 
' 
the ~act fluid: rock 
ratio predtc;ed by R5.1, since the tn'( __ composltlon- and 
hence the physical properties _,of the ~ is not known. 
Ho~ever, the effect tbat impurities in H20 and C02 would 
have on the final fluid : rock ratio,is negligible relative 
the to inherent errors in the assumption that a 
calculation ·of the volume of fluid wh'ich has reacted with 
100 cm~\of rock] is representative. of the fluid :1rock volu~e 
ratio over the entire shear zone. Thus the a e• v a l u e s a r e 
only valid as indicators of the order of magnit u de · of 
fluid:rock ratios. It is interesting to note that the 
' . ratio cJlculated for RS r\1 is or de~ fluid: rock an 
magnitude less than that calculated for shear zones at 
· Yell'owknife by Kerrich et al. (1977). 
' 
Fyfe, et al. (1978) repor te d c oncent rat ions of 5 4,0 00 
ppm Na, 23,800 ppm K, 40 , 000 ppm Ca, and Sl and Fe 
, _ 
• 
' r 
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concentrations on the '" order of .s- wt' 
waters. If the' hydrothermal fiuids in the Mirage Islands 
were of metamorphic origin and had compositions comparable 
to th,oae reported by Fyfe et al. (1978), then a fluid:rock 
ratio on the ord'er of 10:1 would . be suffi'cient to produce 
the changes in element concentrations predicted-by RS.l, 
assuming saturation oj .the elements · and an efficient 
chemical system. The concentrations of species pr~sent in 
groundwater are of the same order. of magnitude ·as 
metamorphic fluids (ibid.), and so similar fluid:rock 
ratios could be expected to produce the same chemical 
changea. On the other hand, the concentrations of these 
~-
elements in igneous fluids are, on averagar an order · of 
magnitude or more - lower (ibid.), and theref-ore the 
chemical. changes would require A fluid: rock ratio on the 
order of 109:1 if the fluids in the shear zones were 
"typical" igneous fluids. 
A ' total or' eight balanced reactions were calculate-d 
for shear zonas hosted in metabasic ro~s. They are 
p ,re san ted below, 
' 
.and the mineral compositions are 
ptes~nted in Appendix A.' Table 5.1 and Figure 5.4 show 
d~e amounts of each major element predicted to be consumed 
or released by each reaction. 
, 
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<RS ~ 22 CWM-34A ·to CWM-34B 
• • - - I 3 1 2 (An 1 7 ) + I 3 0 0 c p x + . 0 6 0 h b 1 e + I 114 e p + I 0 21 p.y + 
" 
t.Ol&K20 + . 203Fe0 + ~001Mg0 _ + .003Mn0 + '~640Hz0 t 
-~186C_Ozl 
.402 qtz. + .. 186 cc + .102 (4,no4) +', 1089 ch1or 
+ .010 bio· + .010 ser + · 1.091N.az0 + ~ 355Ca0 + 1077Fe203-. 
1944s1o 2 + . 0425o 2 J 
(R513) CWM-35A to CWM-35B. 
~ 
I 
. 081 actin+ .289 (Ans6) + .277 cpx + .14/ep + . 008 bi o t . 
i 
. 071 py + 1, ~ 005Na 2 o + . 0.08Kz0 + .162Fe0 + . 119Mg0 + 
.124 , chlor + ~154 ( Ano4) 
+ ~135 cc + .078 qtz + .001 ser + t~S93&a0 + .073Fez03 + 
.130510 2 + .142SOzl. 
.-(R5.4) CWM-41A to CWM-41B · 
.15~ actin+ .240 (Antz) +.123 qtz + 1006 ep + .611 cc + 
.009 bio + t.i03FeO + .419Hz0 + .1485021 . 1073 chlor + 
.056 (Anoo> + .007 ser + ~ 074 py_ + { .OBSNa20 + . 004K 20 + 
.360Ca0 + . 142Mg0 + . 001Mn0 + . OSlFe203 + 1. 389S10z + 
. 011COzl J 
188 
~ CRS.S) CWM-)41A to CWM-1418 
.284 (An6t> + .081 act-hble + .058 ep· + .008 ser + 
(. 042Na20 + . 640Fe0 + .135Mg0 + . 001Mn0 + . ~8SSi02 + 
. ~53Ti02 + . 589H20 + . 268C02 + . S86S02} - . 088 ch1or +'+ 
.780 qtz + .187 (Ano3) + .003 bio + .268 cc·+ .296 py + 
v 
CR5.6) CWM-142A to CWM-142B 
. 2~1 (An54) + .171 act-hb1e + · .052 ep + ( .017K20 + .304Fe0 
+ . 00·3Mg0 + . 64_1H20. + . ·956C02 + . OlOS02} ~ - ·. 100 chlor + 
. 074 (Ano6) · + . 328 qtz + . 056 cc + . 020 bio + . . 005 py + 
' ( .036Na20 + .485Ca0 + .068Fe203 + .002Mn0 + .813Si02} 
(RS.Zl CWM-149A to CWM-149B 
.227 (An11> + .204 hble·+ .032 ep + (.274Fe0 + .193Mg0 + 
.821H20 . + .177C02 + .044SOil . - . 130 ch1or + . 392 qtz + 
.177 cc + .002 (Ano2> + .022 py + .0004 bio + ( .129Na20 + 
.006K20 + . 271Ca0 + .OZ?Fe203 + .001Mn0 + 1.030Si02l 
CR5.8) CHM-160A to CWM-1608 
. 149 hb1e + .125 (An6o) + . 026 ep + . 014 ser + . 054 py + 
( ,j48Fe0 + .214Mg0 + .003Mn0 + .098H20 + .871C02) .131 
ch1or + .125 · (A~os> + . 323 qtz + . 006 bio + . 098 cc + 
( .Ol?Na20 + .009K20 + .435Ca0 + .047Fe203 + .?67Si02 + 
.108502) 
L 
r 
.. 
') 
. , 
- ~ • 
., 
" 
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t'RSI9l CWM-163A to ·CIJM-163B 
I 265 (Ano 4 > +' I 082 
+ ~ 006Fe203 + 
+ .081 (Anoo> 
(I 092Na20 + 
.·649$102} 
.1e + 104_5. ep + ( . 042~0 · + . 171Fe0 
~033 ch f or 
I 
. 02~ cc + 1041 bio + ·· . 017 py + 
.084Mg0 + .002Hn0 + . 009110 2 t-
where An anorthite content of ~lagiociaae, hb1e 
hornblende, actin actinolite, act-hbre act1nolit1c 
horn b 1 end e , c p x. c 11 no p y r ox e n e , e p e p i do t e , c h l ~-r • . - · 
c h lor i t e , q t t - quart z , b i o - b i o t i t e , c c - c a 1 c i t tt. p y -
pyr~te, sph - sphene 
The chem~cal change~ predicted by these reactions 
( 1 is t~ d in Tab 1 e 511 and shown in Figur~ 5.4 ), agree 
quite well with the measured whole rock chemical changes 
(Figure 5 ~ 2). Overall, ferrou•.., iron, volatilea, 
potassium, magnesium and manganese are ccr-sudled in the 
shear zones ., and sodi·um, calcium, ferric iron 11nd s i lica 
are released. Calculatiot:l~ . 9f minimum fluid : roclc. vol ume 
ratios for these reactions have been made based on t;.he 
volume of volatiles consumed in the re~i>l..ons, : a n d ·,'· are 
• included in Table 5 . 1 . The calculated ratios rang~· from 
4:1 to 130:1 in· the metab~sic rocks. 
Two ba"tan;:ed reactions were calculated f or shear zones 
\ 
.. ~ 
•. 
( 
• . 
0 
jl 
"\ Tllble 5.1 Changes in concentrations of elements predicted 
by alteration reactions 5 . 2 to 5 . 11·. Negative values 
?'Pr~st>nt a depletion · in the sheared ro c k, and positi v e 
vRlues indicate an enrichm e nt , Minimum fluid:r o ck volume 
ratios are calculated from the volume o f v o ' l a t i 1 e s 
involveq in the reactions, based on a reaction temperature 
of approximately 500.°C, and 8 pressure of approximately 2 
kbar . 
. ' 
Na20 K20 CaO FeO MgO HnO Fe203 s i02 Ti02 H20 C02 fl : rk 
Mafic rocks: 
I 
C\JM - . 091 +.018 -. 35 5 + . 203 + . 001 +.003 -. 077 -.944 +.640 + . 186 2 8 : 1 
34 
CWH +.005 +.008 - . 59 3 +.162 + . 119 +.003 -. 07 3 +.130 +. 8 ~ 3 + . 13 5 . 20 : -1 
35 
. _, 
-
CWH - . 0 8 5 - . 004 - .360 + . 103 - . 142 . - . 001 - . 0 51 -1 . 3 9 + ; 419 - . 011 54: 1 
41 
.,... C\JM +.042 -.006 
-. 111 + . 640 +.135 +.001 - . 04 7 .+. 38 5 +.053 +.589 + .2 68 40 : 1 
141 
CWH - . 0 36 + . 017 -.485 +.304 +.003 -.002 - . 06 8 - . 813 +.641 + . 056 - 10: 1 
142 
CWH - . 129 :- .006 - . 2 71 + . 274 + . 193 - . 001 - . 077 -1. 3 0 +.821 - . 17 7 27 : 1 
14 9 .. ~ 
. 
CWH 
- . 017 - . 009 - . 4 3 5 + . 348 + . 214 + . 003 ,- . 04 7 -.567 +. 0 98 + . 871 13 0 : 1 
160 ~ 
. <; WH - . 0 91 + . 042 - . 2 24 + . 171 - . 084 - . 002 + . 006 -. 64 9 - . 009 + . 2 3 9 + . 0 2 9 4 : 4 1 
163 
Fe l sic to i n t e r .m e d i a t e volcaniclastic rocks: 
CWH - . 090 + . 5 10 -. 09 8 + . S4 L. +. 4 79 +2.62 - 58 2 - . 02 7 4 : 1 
10::. 1 
CWH -. 014 + . l t. 3 +.67 6 + . 57') + . 2 72 + ~ 11 · . 01 E 2 : 1 
...... . 
~ 
..... 
\ 
.I 
· / 
Graphs showing the gains (positive) or losses 
(negative) of various 
metabasic rocks, as 
elements in shear zones hosted in 
• 
predicted by balanced c h emical 
equations between unsheared and sheared rock pairs . 
• 
• 
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in the felsic to intermediate- volcanogenic rocks . The 
compositions of mineral phases were taken as · end-member 
compositions, since the rocks are to_o fine-g r a i ned f or 
conventional microprobe analysis. These reactions 
therefore repreaent only a qualitative estimate of the 
chemical changes in these shear zones. 
The two reactions are presented below, and the mineral 
formulas used are presented in Appendix I. 
(RS.lQ} CWM · l41C to CWM-1410 
. 179 alb+ . 199 ch1or + . 050 zois + .014 Ksp + .027 cc + 
( . 510 K20 + .544 FeO + . 479 MgO + 2 . 624 s ·102 + .131 
S02)fluid . 491 bio + 1.413 qtz + .029 sph + .066 p y + 
.026 ser + { . 090 Na20 + 
' 
. 098 CaO + . 582 H20 + . 027 
C02 I fluid 
CRS. 11> CWM·l44A to CWM-1448 
. 624 qtz + • . 028 alb + . 028 Ksp + . 068 ser + . 016 cc + 
(.143 K20 + . 676 FeO + .676 MgO + . 2 72 Si02 + .317 H20 + 
. 0 8 7 . s 0 2 ) flu i 'd . 2 2 5 b 1 0 + . 0 0 8 s ph + . 0 4 4 p y + . 0 0 4' 
zois + { .014 Na20 + . 016 C02}fluid 
where alb albite' (identified op t ically in sample CWM-
l4 1 C), Ksp- K- feldspar, zois - · zoisite, ser- s e r ici t e , 
remaining mineral abb r evi a tion s a re the same as t hose ~ se d 
in rea c tions 5.2 t o 5 . 9 
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The results of these reactions are summ&~ized in Table 
S.l' and Figure 5.5. A comparison of Figures 5.3 and 5.5 
shows that these reactions predict chemical trends f~irly 
well, de.sp i te their qualitative nature. Sodium is 
released from both the mineral assemblages and from the 
shear zones, and potassium, iron and manganese are 
consumed, although the magnitude of the changes is not 
. 
predict~d very accurately. Ca se .. ems to behave variably 
and unpredictably, in both diagrams. - -The react ion a 
predict a silica • increase in the shear zones which is not 
found in the whole rock data. Minimum fluld:rock volume 
ratios were calculated, based on the amount of H20 and COz 
consumed by the reactions, and they are presented in Table 
5 .1. The ratios are smaller than those determined for .. 
sheared metabasi c rocks, varying from 2:1 to 4:1 . 
In summary, nearly every major element has been 
mobilized in the shear zones by the hydrothermal flu ida. 
During alteration, fluids bearing K, Fe2+, Mg, Mn, +/- Sl 
were flushed through the shear zones depositing these 
elements, and removing Fel+, Na, Ca, +/- Sl, and locally 
<tj , 
... 
Graphs showing .. ~· the gains (posit.Lve) or losses 
• 
(negative) of various elements in shear zones hosted in 
felsic to intermediate volcaniclasti c rocks, as predicted 
by balanced. chemical equations between unsheared and 
sheared rock pairs. 
' 
, 
• 
percent gains/losses of elements predicted by alteration reactions 
.. 
I. 
I r I 
..... I IV w ~ (J1 ..... I ..... IV w ~ (J1 
0 (J1 (J1 0 0 0 0 0 0 (J1 (J1 0 0 g . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
~ I .. CW."!-141 s: z 10 D.l CWM-144 0 1\) 0 
I ~ I CWM-14) "T1 ~ CD, IV CWK-144 · a· 0 
~ . I CWH-l4l • . 0 (/) 0 D.l -::w K-144 0 1\) 
·, 
~I 
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Hg and Hn. l This changed the bulk compositions of the 
sheared rocks which, together with the changes in pressure 
and temperature conditions, resulted in the development of 
new mineral assemblages. 
The cations in the hydrous fluids were 
ir)ferred in the previ us s.ection by balancing reactions 
between the mineral ,.---a-.a emblages of the rocks inside and 
outside of the shear zones. In general, fluids whic!h 
moved through the shear zones contained varfable 
abundances of most major elements, as well as Sr, Rb, Ti, 
Cr and S. 
Examination of fluid inclusions (Chapter 6) ' has ahown 
that hydrothermal fluids 
variable amounts of C02, 
HgCl2 and FeCl2. Yith 
trapped in q';artz veins contain 
CH4, S02, H2S, NaCl, CaCl2, KCl, 
the exception of silica, these 
major elements are the same aa those predicted from the 
bulk chemical and mineral ' assemblage data described above. 
Microprobe analyses of chlorites (Appendix A) from a 
number of shear zones show that chlorine is not present in 
detectable quantities (i.e. <0.02 wt . t) . This, together 
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with the presence of several chloride species in fluid 
inclusions, suggests that chlorine complexed wit:h ions in 
so 1 uti on in fluids in the she a r z 'an e s , b u t did· not 1 t s e 1 f 
react with the sheared rock . Thus chlorine does not need 
to be considered as a participant in the renctions, a nd ,, 
can be considered a catalyst. 
Oxidation State 
l 
" 
The oxidation state is calculated as ferrous lron 
devided by the sum of FeO + Fe203 . The oxidation sta t e o f 
iron in · sheared and unsheared samples is summarized i n 
Table 5 . 2 . Abundances of ferrous and ferric lron from 
major element analy~es are presented in Appendix E . 
M~st sheared samples are reduced with reapect to their 
' protoliths, wi~ a mean FeO/(FeO + Fe203) of 0 .80 outside 
of the shear :z:ones , and 0.89 inside the shear zones . O f 
36 shear zones analyzed, there is a reduction of Fe in 
32. In three shear zones, iron is oxidized relative to 
unsheared samples, with means of 0.89 and 0. 7 8 outside and 
inside the shear zones, respectively. One shear zone has 
preserved the same oxidation state (0.84) as i t s p r o t oli t h 
(see Table 5 . 2). 
\ 
' 
Table 5.2 ·com par i • on of oxida~ion state of iron 
(FeOjFeO+Fe203) in unsheared and sheared samples from the 
" Islands. shear ,, 
~ ' 
Mirage (32 Most of 36) out zones are 
reduced relative to their protoliths, thre e are oxidized 
and one has remained unchanged. Data on the oxidation 
state of shear zones at Yellowknife are from Kerrich ll 
A..L.. 1977. 
• 
Mirage Islands metabasites 
/ 
FeO -\ 
Fe0+Fe203 
Unsheared 
range- 0.70 
to 0.92 
mean - 0.80 
range- 0 . 85 
to 0.97 
-mean - 0.89 
0 .84 
Sheare<;l 
range - 0. 74_,_ 
to 0.97 
mean- 0.89 
range- 0.70 
to 0.94 
mean- 0.78 
0.84 
Yell o wknife bdsalts: mean unshe~red 0~76 
mean sheared 0 . 78 
~, mean o re - bearing - 0.95 
Total number 
of samples 
32 - reduced 
3 - oxid_ized 
1 - uncha n ge~ 
(K err i c h e t a l. 19 77) 
At Yellowknife, Kerrich et al. (1977b) found tha't 
urisheared basalts have an average ferrous iron to total 
( 
iron ratio of 0. M .~ Sheared - basalts a re slightly more 
reduced (0. 78), and ore-bearing parts of the shear zones 
(that ia, those parts which have undergone extensive 
sericitization and chloritization) contain 9H 
Although the trend between sheared and unsheared rocks at 
I ~ 
Y&llowknife is similar to that found in the Mirage 
Islands, unshea;ed samples in this study are. on aver11ge , 
/ 
more reduced than unsheared/-~~~J;wknife ba~alts. The 
oxidation atate in the sheaJ' zonts li~s between those of 
the indpiently sheerod rf k~- an) ;he oro-bearing rocks 
near Yellowknife . ( I 
Fyfe et al. (1978) and Fyfe and Kerrich (1976) noted 
. 
I 
that , I in general, regional metamorphism does not notably 
change the oxidation state of a rock, but where large 
volumes of fluid have interacted ,.,ith a rock, significant 
changes in the Fe2+;Fe3+ ratio may o c cur . As c ending , 
cooling fluids are usually accomp a nied by _ reduction , 
whereas descending, heating fluids oxidiz e a rock' ( Fyf e ll 
&.1..... . 1978) I 
Consider a model in which fluids ascen d ing fro~ 3- 4 
kbars pressure (10 - 12 km) t o about 2 kbars pre ssure (abou t 
, 
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7 km) in the shear zones cool. with time from >500° C t o 
about 350°C (as estimated in Chapters 2, 3 and 4) . Thf' 
solubil i ty of quartz would then drop from about 0. 7 wt \ 
to 0 . 2 wt (see Fyfe et a.l. , ·1978, Figure 4 .1 5A ) ." 
resultin~ in the deposition of 0 . 5 g of silica per 1 00 p, 
¢ 
of fluid . 
In shear zone CWM-145, almost 37 g of qu•rtz h a v~ b PPn 
deposited in a 100 · g sample of sheared rock b y a fl u i d 
with a temperature estimated to be 366°C ( determined f r o m 
oxygen isotope fractionation) · The deposition of 3 7 g o( 
s i 1 i c a w o u 1 d r e q u 1 r e 7 4 0 0 g o f so 1 u t i'o n accord 1 n g to the 
above model, which correspo~ds to a fluid : rock v olume 
ratio of about 280:1, based on 100 g of rock w i t h a 
density of 3 g j cm 3 , and a fluid densit y near 0 . 8 . g / cm3 
(determi n ed from a specific volume of ~ure H20 of 
For a sal"ine fluid, the density wo u l d be 
slightl'y h!gher, a n d ..,ould result in a slightly low~r 
fluid:rock ratio . 
I n a similar way, flui d: ro ck ratios can be 
• 
approximated for all sh e ar zo n es, bAs e d o n the amoun t of 
sili c a which has 6een added to ~r re move d fr om t he 
system . Whole r oc k data show the chang e i n si l i ca c o n tent 
i n 100 g of a sheared rock r ela t ive t o i t s p r o tJ li th . I n 
' · a fe w sh e a r z o n e s , f 1 u 1 d tem p e r a t u r e h a s b ~ e n d" t P r rn l n e d 
' 
,. 
• 
I 
l 
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t rom .ox y g e n i s o to p e s , and has a b i m o d a l d i s t r i b u t i on w i t h 
means of 420 and 590°C (s~e Chapter 4); in th'e remaining 
shear zones it i» estimated to be 500°C. The solubilities 
. . 
of silica in fluids at these three temperatures _and about 
3 kbars ,pressure are 0.30, 0. 50 and 0. 75 wt t in order of 
., 
' inc'reasing temperature (Fyfe et al., 1978). ··The densit:y 
., 
of the fluid is app~oximated as 0 . 8 g/cm3, and that of t:he 
~ 
rock is taken as 3 g/clli3 and 2. 6 g/cm3 for mafic and 
felsic to intermediate volcanogenic rocks, respective l y. 
Although the temperature estimate of 500°C may be in 
error in some cases. it •is likely to be correct to within 
about l00°C. Changfng the estimated temperature in any 
shear zone by 100°C affects the silica solubility by 
approximately 0.3 wt t Si02, but does not change the order 
~f magni~ude 
-:~creasing or decreasing the fluid density by up t:o 
of the fluid: rock ratio. Similarly, 
~g/cm3 (which would account fo:,. the range of saliniti es 
estimated in the previous chapter), does not affect the 
• 
fluid:rock ratio by a significant amount . 
Table 
produce the 
5. 3 shows the fluid : rock ratios required to 
!~' . . 
observed changes in silica content at a given 
temperature.!- These ratios range from 10:1 up to 350:1 , 
but all are only minimum ratios, since . they assume 
that : 1) the fluid '!.la s saturated with respect_ to silica ; 
r-
- - ~- -- - - -------- - - -~ 
.. 
Table 5.3 Table showing the net increase (positive) or 
decrease (negative) of silica in sheared rocks from the 
Mirage Islands, and the rninimum fluid: rock volume ratios 
required to produce these changes . The solubility of 
quartz is .. estimated to be 0.3, 0.5 and 0.75 wt \at 420, 
500 and 590°C and 3 kbar pressure (see text), and the 
rock volume is based on densities of 3 g/cm3 for basic 
rocks and 2 . 6 g/cm3 fo·r felsic ~o intermediate rocks. 
~ 3 Fluid density is estimated to be 0. 8 gjcm . 
., 
,. 
'1;0' 
Snear Zone S102 Solubility H20 required rock vol fluid:roc 
of qtz: (wt •> (g) (cm 3 ) (vo1) 
metabaaic rock• 
. ' CWK- 34 • 3 . 3 . 5 660 33 . 3 20:1 
CWK-35 . 7. 2 . 5 1440 33.3 40 : 1 
CWK-41 . -14.2 . 3 4 730 33 . 3 140:1 
CWK-137 -2.2 . 5 440 33.3 15:1 
CWK·l39 -1. s . 5 300 33.3 10 :1 
CWK·141 +2.9 . 5 580 33.3 20:1 
CWM-.142 
-2. 1 .75 280 33.3 10:1 
CWH·145 +36. 7 . 3 122301 33 . 3 350:1 
CWM-149 • 3. 9 . 5 7 80 33.3 20:1 
CWM-15 1 +1.3 .5 260 33.3 10:1 
CWK-154 · - 5. 7 . 3 1900 33.3 60:1 
CWK-159 
- 5 . 3 • 5 960 33.3 30:1 
CWK-160 -3. 3 .3 1100 33.3 30:1 
CWM-161 - 3 . 8 . 5 
,, 
760 33 . 3 25:1 
CWK-163 -1. 5 .75 200 33.3 2 CO·l3 -5. 3 . 5 1060 33.3 1 ~0-14 -1.3 . 5 260 33.3 (10: 1 
C0-20 -4. 7 . 5 940 33.3 ;. 30:1 
C0·22 +9.0 . 3 3000 33 . 3 90:1 
C0-23 ·5.4 . 3 1800 33.3 50:1 
ft,h 1c tq intermediate volcaniclastic rocka 
CVK-36 +19.4 .s 3880 38.5 100:1 
CVK·l40 
-4.8 . s 960 38.5 25:1 
CtJK-141 +1.3 . 5 260 38.5 10:1. 
CtJM-144 ·12.9 . 5 2580 38.5 70:1 
CtJM-149 +1. 8 . 5 360 38 . 5 10:1 
CtJK-155 ·20.0 . s 4000 38 . 5 100:1 
CVK-158 
-18.7 • 5 3400 38.5 100:1 
CVK-162 
-8. 1 . 5 1740 38.5 50:1 
-r.. 
'· 
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and 2) the chemical system was 100\ efficient at adding or 
removing Si02 fro111 the mineral assemblage . • 
• 
Large fluid: rock ratios are cited by Fyfe et al 19 78 
,and Fyfe and l<errich (1976) as a meanll! by which the 
~idation state of an altered rock may be ch4nsed . .A· 
From the above calculations, and from che1ni c al 
reactions presented earlier in this chapter, it ia cl~ar 
that large volumes of fluid have penetrated the Hlr u gl' 
Island shear zones. The oxidation state of the sheared 
rocks is interpreted to ~ indicate that the majori t y of 
these fluids were ascending and cooling derived, 
presumably, from a metamorphic or possibly an igneous 
source at depth. 
The local presence of oxidized iron in the shear zones 
implies that in places fluids were ,descending in the shear 
zones. Further evidence of descending hydrothermal fluids 
\, 
comes from the presence of carbonate veins locally. While 
t;he solubility of silica decreases with decreasing 
· temperature, that of calcite · increases under the aa11e 
conditions, thus carbonate veins would be expected to 
precipitate out where hydrothermal fluid• are des c endi n g , 
and temperature is increasing. 
0 I 
/' 
/ 
/ 
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I 
One possible origin for descending fluids is !rom a 
meteoric source. Isotope studies (Chapter 3) 
./ 
hnve 
revealed that soaie of the hydro~hermal fluids have oxygen 
lao topic compositions compatible with a fiuid 1 Composed of 
· I 
I 
.. mixture of ·metamorphic (or igneous) /~nd meteoric 
water• . However the shear zones in whio~ these · fluids 
occur do not correspond to those / ,which have been 
I 
oxidiud . Unfortunately, the ox idi z e .d shear zones have 
/ 
not been analyzed for a table isotope,,S, and so no esti11ate 
/' 
of of ./ their fluida exists. 
I 
I 
• 'valuate whether 11eteoric 
the isotopic composition 
Therefore, it is difficult to 
/ 
./ 
water contributed to the alteration. 
Alternatively, it is pOssible that hydrothermal fluids 
unde t'lrient 
downwards 
convection 
/ 
vt,n 
/ 
/ 
/ 
I 
the 
locally, wi,ih a net 
/ 
zones , circulating 
upward flow direct ion (see 
Figure 5.6) . . In this model, local oxidation in the shear 
/ 
zones indicates/ the sites wher.e downward flow has 
I 
/ 
occurred . It ~·s possible that meteoric fluids comprised 
I 
I . 
part of the ~irculating hydrothermal fluid. 
I 
Suagary / 
/ 
/ 
1/ 
,// 
I 
Jn this chapter, 1 t vas shown tha e the shear zones 
/ 
/ 
a 7 ted as 
. (~ r 1 chad 
open chemical systems during alteration , being 
in some elements, and depleted in others with 
·I 
/ 
figure 5. 6 Schematic diagram showing the local downward 
convection of hydrothermal fluids in a shear zone system 
with a net upward flow direction. Overall, fluids in this 
model would be rising and cooling with time, but locally 
downward-directed fluids would be increasing in 
temperature . 
• 
-#:.. 
I 
I 
1.-
I 
I 
.. 
; (qtz veins) 
D ICfal downward flow; 
oxidizing fluids 
net upward flow; reducing fluids 
0 • 
\ 
, 
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respect to their protolithe outeide the shear zones . By 
balancing rea~tions between th' sheared aAd . un~heared 
mineral l assemblages, it is possible to predict fairly 
successfully which elements have lncr ·eased 1n 
concentration, and which have decreased. 
Estimates of fluld compositions baaed on these 
reactions, coupled with results from fluid inclusion 
analyses, indicate that lllOSt elements were transported in 
the shear zones as chloride Colllplexes, and that chlorine 
has not reacted with the sheared rocks. 
In most shear zones (about 90\), iron is in a !llore 
reduced state than in 6nsheared samples. This is evidence 
that: 1) large volullles of fluid have llloved through the 
shear zones, and 2) these fluids were asc~nding, and 
cooll ng with 'time . Minimum fluid:rock vo lu-.e ratios 
estimated from s11.ica enrichment/depletion are in the 
order of 10:1, and loca\ ly are as high as 350:1, 
supporting the former conclusion. 
A few ehear zones are oxidized rel~ttlve to their 
protolltha, frolll which the presence locally of deacendln&, 
heatlns fluid• can be inferred . These_ !luida 111ay have 
been de r t'ved f'rom 
. 
meteoric which .mixed w1 th 
isotopically heavier metalllorphic and/or_ magmati c flulda. 
' 
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Alternatively, the oxidized shear zones may be evidence 
for convective circulation in the shear zone system, with 
net •upward- directed flow, but locally downward-flowing 
cells. • 
·- . , 
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• 
CHAPTER 6: REACTION PROGRESS 
Introduction 
Based on the results presented in previous chapters , 
it can be seen that the rocks in the shear zones on .the 
Mirage Islands have undergone alteration to variabl~ 
extents, with some e\ements being consiatently enriched or 
' depleted, whereas others behave unpredictably . In this 
chapter, the extent to which a reaction has proceeded in a 
given shear zone is quantified, using the techniqlt~• of 
Ferry (1980, 1983, 1985) and Thompson (1982). 
can 
(1980, 1983, 1985) has defined two parameters 
be used to track the degree to which a rock is 
The first method is a measure of the alteration 
I 
which is define!i simply as the modal quantity of 
secondary (or alter~tion) minerals in a sample, divided b y 
the sum of the primary (unaltered) and secondary minerals 
"'""" (Ferry, 1985). A complet~ly unaltered rock will contain 
no aecondary minerals, and ao wilsl have an alteration 
index of zero, whereas a completely altered rock with no ( 
primary minerals preserved will have an alte~:a t ion index 
of one . 
. , 
This parameter may be app l ied to any s a mple for 
which modal quantities of minerals are known, a nd does not 
\ 
• 
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require thllt chemical analyses of individual minerals be 
carried out . 
The second measure of alteration progress is given by 
~. the reaction progress variable, which may be defined as 
the number of moles of a specified mineral produced by a 
given reaction (Ferry, 1983). In order to calculate the 
reaction progress for a given rock, its initial, unaltered 
state m·uat be defined, and the reaction(s) which produced 
the . mineral assemblage in the final, altered state must be 
identifiable. 
' 
A reaction progress variable equal to zero 
indicates that no reaction has occurred, ana a value of 
one Implies that the reaction has ~one t6 completion. 
Metbodolo~:y 
... 
For several shear zones in metabasic rocks from the 
Mirage Islands~ modal proportions and mineral compositions 
have been determined for un~eared and sheared rock 
palra. Therefore the reaction progress variables and 
alteration indices may be calculated for the shear zones, 
usins the unsheared samples as the initial and the sheared 
samples 
measure 
•• the final alteration states. Thh 
of the ~xtent of alteration spe~ific to 
provides a 
each she) 
zone, but does not provide · a means of comparing the 
reaction progress between the shear zones . 
\ 
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In the following sections, .Ferry's (1985) alteration 
index has 
I 
the 
been modified slightly to accomodate the fact 
that initial "una 1 tere"d" states in fact display 
variable degrees of alteration in the different 
protoliths. Thus, instead of presenting the ~bs~lute 
values of the alteration indices for each unsheared and 
sheared rock, the differences between the final and 
initial states are determined . The values calculated 
represent the amount of alteration each shear zone has 
- undergone, wit:h no reference to a. given starting point . 
Thus a sheared rock whose •change in alteration index (~AI) 
is 0.8 . is not necessarily more altered than one whose 6Al 
..... 
is 0.7; it has merely undergone more alteration from its 
initial (unsheared) state. 
The rea c t 1 on progress v a: i a b 1 e s for the n e t trans f e r 
reactions which characterize the alteration in ' the shear 
zones are useful in demonstrating that the shear zones 
acted as open chemical · systems, and that the fluid 
composition played an important role during alteration . 
216 
Altwration Index 
The alteration index of a rock was defined by Ferry 
(1965) aa : 
mode of ~econdary minerals 
. ( 6 . 1) AI • 
mode of primary + secondary minerals 
In this st~dy, the change in alteration Lndex between 
a aheared rock and its protolith is defined as: 
<q 
( 6 . 2) . ~AI • Aisheared · Aiunsheared 
In sample• from the Mirage Islands, the mafic minerals 
are used to track the alteration state. Since most of the 
shear zone alteration occurred under M2 (greenschist 
facies) conditions, the mafic alteration minerals are 
those which equilibrated during M2 namely chlorite and 
biotite. Primary mafic minerals are therefore defined as 
those minerals which were present before M2 meta~orphism -
that ls, amphibole and clinopyroxene (The latter is -
preserved in o.nly two samples). The alteration indices 
(AI). of 8 unsheered . and 8 sheared gabbros and the changes 
in alteration indices 
. . 
( A AI) between the sheared and unsheared pairs are 
presented in Table 6.1 . A sample calculation is presented 
Table 6. 1 Alteration index (AI) for unsheared and sheared 
rock samples, and the change in alteration index AI) 
calculated for unsheared/sheared pairs 
/ 
across 
zone • See text for definitions of AI and AI . 
each shear 
ll 
/ 
, 
Unsheared · AI Sheared AI A AI Sample Sample 
CWH-34A .2..). CWH.-348 1. 00 
.79 CWM-35A 
. 14 CWH.-358 1. 00 
.86 CWH-41A . 35 CWM-41B 1. 00 
.65 CWH-141A .59 CWM-1418 1. 00 
.41 CWH·l42A 
. 17 CWH.-1428 1. 00 
. 8 3 CWH-l49A .01 CWM·l49B 1 . 00 
. 99 CWM-160A .26 CWM.:l60B 1. 00 
.74 CWH-163A .12 CWM-1638 
.40 
. 28 
:1> 
2 1 9 
in Appendix C. 
With the exception of sample CWM-l63B, all of the 
sheared rocks have alteration indices of 1.00, indicating 
that primary minerals have been entirely replaced in most 
shear zones. The a 1 t era t 1 on state o f the u n she are d rock s 
ranges from .01 (99\ primary minerals) to .59 ( more than 
half the primary minerals replaced by secondary 
minerals) . The degree of alteration in the shear zont~s 
can be compared by reference to the calculate.d values of 
6AI. From Table 6.1 it can be seen that shear .zone 
CWM-149 has undergo.ne the most alteration from its initial 
.state (~AI-.99), and CWM-163 the least (~AI- . 28) . 
In the previous chapter, it was found that s om e major 
elements behave predictably in the sheared gabbros . 
V o l at 1 l e s , Fe 2 + , and .K g e n e r a 11 y we r e c on c en t r a t e d i n t h e 
' ·' 
shear zones, and Fe3+, Na and Ca were removed . Ot her 
elements, in particular Si, Mg and Hn, have n o ap parent 
pattern in their distribution . In Table 6. 2 and Figures 
6.1 a - j, the changes in alteration state are compared to 
the changes in concentration of these elements, t o 
determine whether ·the extent to which they are enriche d or 
depleted varies systematically with the a mo u n t of 
alteration the sheared rocks have undergone . 
, 
Table 6.2 Comparison of AI (arranged in order of 
increasing magnitude) with the change in concentration of 
various elements (positive values have increased in 
concentration; negative values have decreased) across 
shear zones on the Mirage Islands. The change in 
concentration of elements was calculated by subtracting 
the concentration of a given element in the unsheared 
state from that in the sheared state; thus a positive 
value indicates an enrichment, and a negative value 
indicates a depletion of the element . 
i 
' 
., • 
~ 
Shear C\.lH C\.lM C\.lM C\.lM C\.lH C\.lM CWM C\.lM Zone 162 141 41 160 34 142 35 149 
b. A I . 28 .41 .65 • . 74 
.79 .8 3 .)3 6 .99 
~LOI . 2. 2 7 2. 31 4.39 7. 8 2 4.97 5 . 48 5 .74 7. 6 7 
Ds102 -1. 5 - 2. 9 
-14.2 - 3. 3 - 3. 3 
- 2 . 1 
- 7. 2 -3.9 
6Ca0 
-1.40 
- 2 . 9 0 -6 . 44 
- 1. 12 -.88 -3.04 
- 2. 34 -1.28 
:> 
6Na20 - . 9 5 .52 
-1 . 71 
-.89 
- . 6 0 - . 0 7 1. 01 
-.91 
6K20 .21 -.17 . 95 0.0 .14 - . 2 0 .07 .34 
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fhure 6.1 Graphs of AI vs . the change in concentration 
of various major elements across shear zones on th e Mira ge 
Islands. Results are discussed in text . 
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As expected, the increase in vo'latile content of the 
\ 
aheared . rocks corresponds to an increase in the alteration 
lndex (Fig. 6 . la). Since a major difference between the 
primary and secondary minerals used to define the 
alteration index is the abundance of water in the 
secondary minerals, it is to be expected that the data 
would roughly define a straight line with an intercept 
close to the origin. 
Figures 6.lc, d and e are plots of ~CaO, ll.Na20 and " 
""" 
"-· 
AK2 0 respectively, against t:::.AI . The changes in 
\, 
concentration of these alkaline elements do not appear to 
be functions of the extent of alteratioh, · even though each 
of these elements w'as foun_d to Qe consistently enriched or 
depleted in the shear zones. 
• 
Figure 6.lb is a plot of ~Si02 vs ~AI. The behaviour 
of silica between shear zones is apparently unrelated to 
the difference in alteration index. 
f 
In Figure 6 .lf, the change in Fe2+ content is plotted 
a g a 1 n s t AA I . The data are somewhat scattered, but most 
appear to define a line with a negative slope, i mplying 
that the more alteration a sheared rock has undergone with 
respect to ies protolith, the smaller the magnitude of the 
' 
Fa2+ . enrichment in that sheJIP :z:one . Since the alter Atio n 
indices of most sheared rocks were found to be unity, then 
unsheared r .ocks for which alteration indices are low ( a n d 
therefore have high values of AAI) must ha~e Fe2+ contft n t ~ 
near those of their sheared counterparts, while those wl~h 
high alteration indexes (and therefore low values of 6Al ) 
must be depleted in Fe 2+ relative to their shear e d 
equivalents· 
This suggests that a~ least soma o' the Fe2+ which hAs 
been enriched in the shear zones was derived from the 
adjacen~ ~nsheared rock. Low values of AI ln unsheared 
rocks most likely resulted from hydrothermal fluids in the 
shear zones penetrating into the surrounding wallrocks . 
Interaction between these fluids and . the wallrocka caused 
Fa2+ to be removed from the protollth and concentrated in 
the shear zones, resulting in the coincidence of low ().AI 
and high ~Fe2+ . 
)The di;.ference in Fe3+ content . is plotted against t:.AI 
in Figure 6.1g. The two shear zones ..,ith the l owest 
values of AAI are slightly enriched in F~3+, and the t est 
are depleted . Overall, the 
d e pletion incr ea ses with the 
experienced by the shear zone . 
magnitude 
amount 
of 
of 
the 
al t e ra.tion 
' · 
I 
I 
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It was noted in ~hapter 5 that the oxidation state of 
iron is more reduced within the shear zones than o~tside 
of them. Figure 6.lh is a plot of the change in oxidation 
state gainst t.AI. It shows that the shear zones in which 
the m a 1 t era t ion occurred are a 1 s o the m o s t r~ d u c: e d . 
Comb in the results of Figure 6 .lh with 6 .la, it can be 
that the shear zones which are the most enriched 
undergone the most reduction , and that 
the fluids therefore must have been reducing fluids , as 
suggested in the previous chapter. 
In Figures 6. li and J, AMgO and AMnO are plottei 
against ~AI. Like Si02, these elements were found .to 
behave unpredictably between the shear zones, and Figure 
6.1 reveals that th~He is no systematic variation between 
their enrichment or depletion and the change in altertion 
index . 
Reaction Progress 
In order to monitor the reaction progress in each 
shear zone, the reactant and product minerals must be 
identified, and the reaction(s) which produced the final 
assemblage mull t be known. Although modal quantities and 
mineral compositions vary between the shear zones , the 
unaltered basic assemblages . are composed of various 
• 
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~ 
~proportions of amphibole +/- clinopyroxene + plagioclase • 
epidote +/- chlorite +/- calcite +/-_quartz +/- sericitl'l 
+/- pyrite +/- sphene, and the altered assemblages contain 
chlorite + albite + quartz + calcite +/ - biotite +/ -
epidote +/- sericite +/- amphibole +/ - sphene + /'- pyrite . 
A simplified net reaction between these two assembl a ge!i 
would involve the hydration and carbonation of amph i b ol e . 
plagioclase, epidote and locally clinopyroxene to produc e 
chlorite , albite, calcite, quartz, and l ocally bi otitu 
(Chapter 
j 
5) . All of the net shear zone reacti on s 
,..:.., 
presented in Chapter 5 are modelled as open ch e m i c a l 
systems . 
. ( 
In Table 6 . 3 , the additive components for each min er al 
involved in the reactions are presented. T o si mpl i f y 
calculations, pyrite and sphene have been left out , s inc e 
they are accessory minerals , and do not play a s i gni f i cant 
role in the reactions . The additive comp o nents are 
idealized formulae as recommended by Thompson (1 9 8 2 ) . 
which li•e :1.ear the avera g e formula determin e d fro m all 
chemical analyses of each mine ral. Mg in the f o r mu l ae 
rep r esent the sum of Mg + F e + Mn. 
These add i t i ve componen t s can be combine d w ith the 
appropriate exchange components from Ta b le 6 . 3 t o pr odu c e 
the t r ue compositions of the min~rals in a g iven r @a ctio n . 
I 
~ 
.J 
' 
Table 6.3 Additive and exchange components for the 
minerals invol~d in the net transfer reactions used to 
characeerize alteration in shear zones on the Mirage 
Islands. 
f 
Phase Additive Component Exchange C9mponents 
I 
albite 
Quartz Si02 
0 I. 
Calcite CaCOJ 
Epidote Ca2Fe 3Al20SiJOll(OH) 
FeHg_l, HnHg_l, 
CaHg_l 
FeHg_l, HnHg_l, 
·"k · ~ .. - ~} 
CaHg_l, FeAl_l 
FeHg_l, HnHg_l, 
FeAl_l 
FeHg_l 
\ 
N 
N , 
- . 
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A.a in Chapter ,5, epidote is taken as ideal epidote 
( Ca.2 Fe 3+ Al20S 13011 ( OH)) , and the only exchange component 
considered for biotite is FeMg_l, for simplicity. 
Five independent net transfer reactions have been 
fv 
identified which characterize the reactions that have 
occurred within the shear zones . They are: 
(R6 . 3) 1 . 979 amph + 1 . 08 ep + 7.575 C02 + 5.117 H20-
1 chl + 7.575 cc + 14.76~ qtz + .904 Fe203 
(R6.4) ., " 
. 741 and+ . 259 Na20 + 1.037 qtz- .259 CaO + 1 alb 
(R6 . 5) 2 . 857 amph + 1 K20 + 5.714 C02 
5 . 714 cc + 1 bio + 7.714 MgO + .857 H20 + 
15 . 429 qtz 
(R6.6) .655 diop + . 465 H20 + 1 C02 + .172 ep 
-
. 069 chl + 1.448 qtz + 1 cc + .086 Fe203 
(R6 .7) 6 
, 
di.op + 1 ep + 1.5 H20 + 1 1<20 + 
1 bio + .9 qtz + 9 cc + 1 Fe203 
Abbreviation•: amph amphibole, ep 
chlo~ite, qtz - quartz, and - andesine, 
- biotite, diop ~ diopside ~ 
.•l .. :~ 
8 C02 
-
e p i dote, chl 
alb - albite, b i o 
Two of these reactions produce chlorite, two produce 
... ._, 
2 3 1 
• ·-" I 
one produces albite atrdl ·" 'f.our 
... ;..-, . ,.."f ' . 
biotite, 
'produce calcite . 
R6.6 and R 6 . 7 are on 1 y a p p 1 j. c' ab l ~ to two shear :~o n es 
(CWM-34 and CWM-35), since pyt;oxene is only ~reserved in 
two unsheared samples .. Reactions in the remai11ing s_ix 
' 
shear zones can be characterized by R6. 3 to R6. ') . F ro m 
these reactions five different reaction progress variab l es 
(~) may be defined as follows: 
(R6.8) ~1 no. moles chl produced by R7.3 
(R6.9) ·~2 no. moles alb produced by R7.4 
(R6.10) ~3 no . mo l ·es bio produced by R7.5 
(R6 . ll) P4 no . moles cc produced by R7.6 
(R6 . 12) ~5 '- (no . moles ep produced by R7 . 7 ). 
Combining _equations R6. 3 to R6. 1 2 , the following five 
equations can •be written for the two shear zones with 
0 
pyroxene preserved in the protoliths: 
(R6.13) no. moles chl 
in sheared sample 
(R6 .14) no. moles alb 
in sheared sample 
(R6 . 15) no . moles bio 
in· sheared sample 
~3 + ~5 
(R6.16) no . moles cc 
in shear~d sample 1 . s 1 s ~1 + 5 . 1 14 e 3 + ~ 4 + 9 c 5 
(R6 . 17) no. moles ep - - 1.08€1 - . 17 2 &4 · S 5 
in sheared . sample 
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For the remaining shear zones , no pyroxene is 
pr~served in the unsheared rocks, and the following 
equations have been determined from R6.3 to R6 . 5 and R6.8 
to R6 . 10: 
(R6. U) no. moles chl - ~1 
in sheared sample. 
(R6 . 19) no. moles alb - ~2 
in sheared sample 
(R6. 20) no. moles _bio - ~3 
in sheared sample 
The two · shear zones with pyroxene involved in the 
alteration reaction are considered first. In R6.13 to 
R6.17, the number of moles of each mineral produced by the 
alteration can be taken from RS. 2 and RS . 3 (in Chapter 5) , 
w h 1 c h g i v e t h e n e t a 1 t e -r·a t"i o n r e .1 c t 1. o n s f o r e a c h o f t h e s e 
shear zones. F o r she a r zone C WM · 3 4 ( r e a c t ion R 5 . 2 ) , the 
following substitutions have been made: 
(R6.13) moles chl 
-
. 089 - ~1 + . 069E4 
(R6. 14) moles alb 
-
. 102 - c2 
(R6 . 15) moles bio .010 63 + &s 
(R6.16) moles cc 
-
. 18 6 7.5 75t;l + s.714e3 + ~4 + gt;s 
(R6 . 17) mole a ep 
-
•. 114 - -1.08~1 - . 17 2~4 . 5s 
~ 
Solving these five equations algebraically yields the 
following values for ~1 - · .25, &2- .10, t:3- - . 2 3, 
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~4 - -2.3, ~5 - .24. Only values of ~ between 0 and 1 
are mea11ingful; the negktive values result from the fact 
that the chemical system was open, and several elem.ents 
were introduced to or removed from the system which wera 
no t a p a r t o f the in 1 t 1 a 1 o r f fn a 1 m i n e r a 1 a s s em b 1 a g fl s . 
Thus, \ calculations of the reaction progress variables 
using a model for a closed chemical system yield 
meaningless results . 
I 't is therefore necessary to try a slightly differe~t: 
approach. The reaction progress variables may be 
approximated using the molar proportions of the reac t ant 
minerals in the unsheared rock, together with modal ratios 
of minerals in R6.3 to R6.7. 
: \ .. 
If the only reaction to produce albite in shear zone 
CWM-34 was R6.4, then ~2 
. 102. If some albite was 
produced from elements 'introduced by the fluid ( for 
instance, in Chapter 5 it was found that some Na was 
~ 
introduced into the fluid by the breakdown of amphibole ) , 
then ~2 w~uldbe less than .102, . and if soma of the albite 
produced by R6. 4 vas subsequentl y removed by the flui d , 
then ~2 would be greater than . 102 . Since the chemical 
system was open , it is diffucult to determine how much 
al'bite was produced or consumed by the fluid phase , an d s o 
~ is approxim a ted as .102, bas ed on the a ssumptio n that 
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the majority of albite in the sheared sample was produced 
by R6.4. 
Chlorite was produced in R6. 3 from amphibole, and in 
R6. 6 from diopside. The molar ratio of amphibole : chlorite 
in R6.3 is approximately 2 : 1 • and that of 
diopaide:chlorite in R6 . 6 is about 10:1; therefore , given 
that the other reactants are present in excess quantities, 
l mole of chlorite can be produced from 2 moles of 
amphibole or 10 moles of cpx. 
The net alteration reaction in shear zone CWM - 34 
(R5 . 2) has .300 moles of cpx and .060 moles of amphibole 
among the reactants . Thes-e molar quantities imply that 
. 03 moles of chlorite may be produced from cpx by R6.6 , 
and . 03 moles chlorite raay be produced from amphibole by 
R6 . 3, assuming 4 that both reactions go to completion (that 
is, f;l - ~4 - 1). The total number of moles of chlorite 
from R6.3 and R6 . 6 would therefore be about .06 . Th 1 s is 
•lightly less than the total ~~aunt of chlorite actually 
produced in the shear zone (. 089 moles); however elements 
introduced into the shear zone by the hydrothermal fluids 
have not been considered here, and they could account for 
the remainder of the chlorite . The total number of moles 
of FeO + HgO + MnO estimated to .have been put into the 
system by the fluid is .207 (R5.2) Generally, Fe , Mg and 
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Mn were, found to occupy about 9.35 octahedral sites per 
mole of chlorite in sheared samples (Appendix A, Chapter 
3), therefore the number of,moles of chlorite that 
.20 7 
........ 
moles of , FeO, MgO and MnO could produce (when combined 
with enough Al, Si and H20) is -.207/9.35- .022 moles . 
Thus the total amount of chlorite expected in thE' sheared 
rock~ given 61 -64 - 1, and considering thl" input of 
elements by the hydr.othermal fluid would be approximately 
. 06 + . 022 - . 082, which corresponds more closely to the 
actual molar quantity of chlorite found in the shear zo·ne 
~ ( .089 mo_les) ' ) 
Biotite is produced by R6. 5 from amphibole, and by 
R6. 7 from diopside, The ratio amph:bio is about 3 : 1 in 
R6 . 5, and diop:bio is 6:l ' in R6.7 '. The molar quantities 
of amphibole and cpx in the reactants in shear zone C\JH- 34· 
(R5.2) suggest that t'he amphibole could prod'!fe up to .02 
J 
moles of biotite by R6.5 and the cpx could produce up to 
.05 moles of biotite by R6.7, for a total biotite content 
of .07 moles. 
Since the total amount of biotite present Ln the 
sheared sample is .010 moles, then E3 and cs must he less 
than l. If ~3 and , es are each . 14, then the to t-1 1 number 
of moles of biotite produced would be approximately . Ol. 
t:3 andes will have slightly lower values if some &i0tlte 
. ~ 
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is ·cons 1 de red to -have been produced from elements 
introduced from an external source. 
Thus the reaction progress variables for shear zone 
C liM· 3 4 may be appro x i mated as ~ 1 -:, 1 ; 0 , e 2 ;:; . 10 , ~ 3 -:, 
. 14, ~4 :; 1.0 and Es -:. .14 . The number of moles of 
epidote produced by R6.3, R6.6 and R6.7, given by R6 . 17 
should be: 
.. 
ep 
-1.392 moles; or +1 . 392 moles consumed . 
• 
In fact only .114 moles are -consumed, implying that 
the remaining 1. 278 moles of epidote were released into 
the fluid. This is compatible with the losses of Ca and 
Fe3+ record•d in the shear zone (Chapter 5), and suggests 
•. that aoma of the epidote was consumed by react i ons other 
than R6 . 3 , R6.6 and R6 . 7. 
Similarly, less calcite is actually present in the 
sheared rock than would be predicted from R6.16: 
- 10 . 63 moles. 
' 
the approximations of reaction p rog re ss v a riabl e s 
\ 
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are correct, then a large amount of calcite was remove (~ 
from the system by the hydrothermal fluids. 
For shear zone CWM-35, similar estimates of reActio n 
progress variables can be made. Once again, solving R6 . 1 2 
to R6 . 17 for the molar ·quantities of minerals in R"> . 3 
(below) yields . meanin&less values of ~. 
following substitutions have been made : 
chlor 
alb 
bio 
. 124 e 1 + . o6 9e4 
. 154- c2 
- o - ~3 + es ) 
From R5 . 3 the 
I 
.135 - _7.575£1 + 5.714~3 + e4 + 9~ 5 cc 
ep 
- ~ 14 o - - 1 . o. 8 e 1 - . 1 1 2 c4 - e 5 
If the only source of albite in the sheared rock ls 
.. 
from reaction R6 . 4, then S.2 is approximately .15 . Th'e 
maximum number of moles of ' chlorite produced from 
amphibole by , R6 . 3 would be about .03, and from cpx by R6 . 6 
would be about .03 (assuming e 1 - e4 - 1. and the other 
reactants in R6 . 3 and R6.6 are present in exces~ amounts) , 
which accounts for .06 moles, or approximately hal f of the 
chlorite . 
The reactants in RS . 3 include . 00 8 mo l es o f bio t i t e , 
whi c h i s a s sume d here to have been presen t 1 n the 
' 
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protolith. No biot4e . is present ln th~ products, 
inferring that none was produced by R6. 5 or R6 . 7, so that 
0. (Alternatively, the biotite produced by 
these reactions was removed by the fluids, in which case 
estimates of e3 andes are not possible . ) The biotite on 
the reactant aide of the alteration reaction was probably 
\ 
hyd~ed to produce chlorite plus K20, accounting for some 
of the excess chlorite · on the reactants side . The 
, 
chlorite must have come remainder o'F the from elements 
lntroduc~d· into the ahear zone by the fluids . 
1 ana cs : 0. Therefore the maximum amount of epidote 
produced from R6.3, R6.6 and R6.7 would be: 
-1.25 moles, or +1.25 moles consumed. 
The maximum amount of calcite that could be produced from 
R6.3, R6.5, R6.6 and R6.7 would be: 
cc 7.57561 + 5.714~ + ~4 + 9G:s 
8.57 moles. 
Clearly, significant amounts of these two minerals h ave 
been mobilized by the hydrothermal fluids . 
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The remaining six shear zones have no cpx preserved in 
their protoliths, and so the calculation of reaction 
progress variables is simplified. R6.18 to R6 . 20 define 
~1· ~2 and ~3 .as the number of moles of chlorite produced 
by R6.3, the number of moles of albite from R6.4 and thf' 
number of moles of biotite from R6. 5, respf'ctively . A. s 
demonstrated for shear zones CWM-34 and CWM-35, tht! f a ct 
that the chemical 
d 
systems are open to elements from 
external sources complicates the calculation of thE> 
reaction progress variables . 
In shear zone C~M-41, no biotite is produced by the 
alteration, although a small amount of biotite is present 
among the reactants (RS.4) : Thus &3 is approximately 0 . 
j 
In the same shear zone, .073 moles of chlorite were 
·-produced from . 159 moles of actinolite. From t'\: molar 
and chlorite in R6 . 3 , the maximum proportions of amphibole 
amount of chlorite that could be produced from . 159 moles 
of actinolite by R6.3 is about . 079, which suggests that 
~1 is roughly . 073/.079 
.92, and that some amphibole is 
left over which has not been altered. In fact the sheared 
rock contains no a~phibole (see Appendix G), which means 
that: 1) R6. 3 went to completion and used up a l l of the 
amphibole (and therefore ~1- 1) , but some of the chl."or i te 
was r e moved by th e fluids ; or 2) el is less than o ne . an d 
1 
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the remaining amphibole that was not consumed by the 
formation of chlorite was removed by the fluids. Since 
the major compositional difference between amphibole and 
chlQrite is the higher ealci~ and silica contents in the 
,. 
amphibole (as well as a greater volatile content in 
chlorite), the net depletion o!- Ca and Si measured for ., 
this shear zone (Figure 5 . 2) would suggest that the latter 
was the case, and that excess amphibole went into 
solution. , Based on this assumption, ~1 is probably closer 
to . 9 2 than to 1. 0. 
If R6 . 4 was the exclusive source of albite in the 
sheared assemblage of this shear zone, then e2 - . 06 . If 
some of the albite produced by R6.4 has subsequently been 
removed by fluids, then ~2 will be greater than .06, and 
conversely if some of the albite was produced from 
elements put into the shear zone by fluids, then e2 will 
be less than .06. 
From ~l• ~2 and ~3. the number of moles of 
be estimated as: 
mol cc- 7.575~1 + 5.714e3 
- 6.8 
In fact no calcite was found in the sheared sample, and 
\ ; 
I '~ ~ 
-· ' ·' \ 
' \ I 
/ 
/ 
,~ 
I 
/ 
\ 
/ 
I 
I 
I 
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.011 moles of calcite were consumed by the net alteration, 
(see R5 . 4) suggesting that calcite was 11obilized in the 
shear zone by the fluid . 
E s t i m a t e s .o f the r e a c t i on p r o g r e s s v a r i a b 1 e s f o r the 
remaining five shear zones are presented in Table 6. 4. 
The values of ~l are generally high (>.8), while those of 
~2 and e3 are low (<.25). The high values of e1 are in 
accord with the observation that in every shear zone, all 
or nearly all of the amphibole has been replaced by 
chlorite. 
The amount o f c a 1 c l t e prod u c e d f r'o m R 6 . 3 and R 6 . 5 • 
given the values of .S1 and C.3 from Tabl~ 6 . 4 exceeds the 
amount of calcite found amo~g the pr ducts in ever y 
sheared rock . However, in an open ch~ cal system with 
ascending cooling fluids, the solubili~ of calcite would 
be increasing, thus the removal of calcite from the 
sheared assemblage would be expected . 
Conclusions 
It can be seen that the reaction progress variable can 
be used to track the extent of mineralogical changes. 
However , its application to open chemical sys t ems is 
limited by the unc e rtainti e s involved in estimating the 
I 
Table 6.4 Estimates of reaction progress variables for 
the net transfer reactions which characterize alteration 
in the Mirage Island shear zones . 1-5 defined in text. 
• 
1 
·~. 
Shear Zone f. 1 c2 ~3 ~4 f:s c·· ., 
. ..-
CWM-34 1.0 .10 .14 1.0 .14 
CWK-35 1.0 .15 0 1.0 0 
CWK-41 . 9 to 1.0 .06 0 
CWM-141 l.O .19 . 11 'i 
·-
I 
' .CWM-142 . 8 to 1.0 . 07 . 24 
CWM-149 1.0 . 01 .06 
CWM-160 . 1.0 . 12 .12 
CWH. - 163 
. 8 to .9 . 08 1.0 
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effect the fluid has had on a given reaction . 
In open chemical systems such as the shear zones on 
the Mirage Islands, alteration index is a simple and 
effective means of monitoring the reaction progress and 
of c9aparing the alteration states of different altered 
rocks. The change in alteration index (t::.AI) between 
unaheared-sheared pairs seems to vary systematically with 
the changes in concentration of volatiles, Fe 2 + and Fe 3+ , 
but does not appear to be a function of the changes in 
concentration of alkaline elements, 51, Mg or Mn. 
Alteration in the shear zones entailed the hydration 
of amphibole and clinopyroxene to produce chlorite and 
biotite, and albitization of plagioclase . These 
m 1 ne ralo gt''\al changes can be represented by a ·few 
independent net transfer reactions which, when added 
together, produce the net alteration reaction which has 
occurred in each shear zone (presented in Chapter 5) . A 
reaction progress variable can be defined for each net 
transfer reaction; however solving for these variables i! 
complicated by the fact that the chemical system was not 
' 
closed . In avery shear zone it is likely that rea c tio n s 
involving elements carried in solution by the hydrotherm a l 
fiuids have contributed to the mineralogical changes 
2 4.) 
observed. Unfortunately, since the fluid compositions can 
only be estimated from fluid inclusion data and f r o m 
changes in mineral chemistry, the effects of these o p en 
reactions cannot be quantified. Overall it was found that 
reactions involving the formation of chlorite at . th~ 
expense of amphibole (+/- cpx) have values near 1 , and 
albite-forming reactions and reactions involving bi o t in• 
formation have low reaction progress variables ( < . 2 S ) . 
• 
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CUAPIER 7: DISCUSSION AND CONCLUSIONS 
S'JII!IIlry 
The volcanic ;-ocks of the Mirage Islands comprise a 
felsic to 
intercalated 
intermediatyvolcaniclast~c suite with 
basaltic flows, intruded by gabbro dykes an<J 
.s llls. Primary textures pr~served in the supracrustal 
rocks imply a subaqueous · origin at· a depth near that of a 
continental margin. The suite is interpreted to be 
correlative to the Banting Group of the Yellowknife 
Supergro11p . The Mirage Island rocks were intruded to th~..._ 
west by a composite batholith known as the ·western 
Plutonic Compiex, and possibly in the south by another 
inferred plutonic body. 
' ·~· ; 
Rocks on the Mirage Is lands have undergone two phases 
of metamQrphism: a mid-amphibolite facit1s event (Ml) , 
t 
during which temperatures reached 600°C and pressure is 
estimated to have been between 2 and 5 kbars; and · a 
retrograde greenschist facies ·event (M2) with temperatut"es 
of 400 to S00°C, and pressures near 2 to 4 kbars •. 
T~mperatures during M.l are compatible with conditions 
adjacent to a granitic pluton, in this case. the Western 
24 7 
Plutonic Complex and/or the pluton inferred to be present 
south of the West Mirage Islands, and so the heat source 
for the amphibolite facies metamorphism 1~ interpreted to 
be plutonic. 
It 4 is believed that shearing was initiate.d . dur 1ng 111 
since temperatures from oxygen isotopes show that a ff' w 
shear zones have preserved isotope fractions wh I c h 
equilLbrated near 600°C. 
Following peak Ml metamorphism and shear zo ne 
initiation, regional greenschist metamorphi~m ( M 2 ) 
prevailed on the Mirage Islands . Low pr.essure greens c hist 
facies metamorphism ha.s occurred throughout .t h e 
Yellowknife Supergroup, and it is believed that this l o w 
grade metamorphism accompanied and outlasted Ml , the 
latter be 1 ng spatially controlled by plutonism . 
Retrogression in the permeable volcaniclasti c rocks ! s 
extensive, whereas the less permeable gabbros have local l y 
preserv~d amphibolite facies mineral assemblages. 
/ 
The shear zones developed during !11 acted as cond uits 
for the flow of hydrothermal fluids during M2. Exte n si v~ 
hydration, chemical alteration, and isotope exch a ng t 
ensued as large volumes of fluid ascended through t h ~; 
shear zones, cooling with time. the presence o f several · 
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generations of seconda r"j fluid inclusions attests to 
c.ontinued fluid flow during cooling . 
The extent of hyc~iration is variable between the &hear 
zones, and as a result the re-equilibration of oxygen 
isotopes varied, thereby yielding a range of formation 
temperatures for the shear zones. Equilibriu m 
temperatures in shear zones which re-equilibrat:ed during 
K2 range from 470 to Formation pressures, 
estimated from prim-..ry fluid inclusions in quartz veins, 
are low from 0 to 0.75 kbar and from this it is 
inferred that movement and deposition of quartz \n the 
shear zones continued during M2. Displacement produced 
.., 
local dilatant zones in the shears,~ in which pressures may 
have been reduced sufficiently to cause boiling of tht! 
The fluid which moved through the shear zones was not 
in equilibrium with the rock, since fluid-rock interaction 
produced not only changes in the mineral assembtlages, but 
also in the bulk chemical_ compositions (including the 
oxygen isotopic compositions) of the sheared rocks. In 
general, sheared metabasi'tes were enriched in volatiles, 
K, Rb, Fe2+, and 18o, and were depleted in Na, Ca, Sr, 
Fe 3 +, and Si as a result of hydrothermal alteration. Mg 
and Kn do not show a consistent pattern. Sheared felsic 
r 
2 4 ') 
to intermediate volcaniclastic rocks were enriched ill 
volatiles, K, Fe2+, Mg, Mn; and were depleted . in .f.,3+, $1, 
and Na. · · 
Oxygen 
hydrothermal 
metamorphic 
hydrothermal 
isotopic compositions calculated for- t h t' 
fluids lie in the ranges defint~d I o t-
and igneous fluids. The source ·of t h •. 
fluids~ is therefore n o t . known for certain 
t 
However, during shear zone initiation it is likely th11t 
the magmatic fluids circulating about the Western Plutoni .· 
Complex or the inferred pluton (or both) were present in 
the shear z o n e s , s i n c e the s h e a r 'z o n e s w e r e f J r me d d u r i n ~~ 
Ml, which accompanied plutonism. As shear zone alterati o n 
continued into M2, it is probable that metamorphic fluids 
cont;ributed to shear zone. alteration, although th e 
possible role of igneous fluids cannot be disproven . The 
oxygen isotopi'c .compositions calculated for the fluids in 
the M2-equilibrated sh~ar zones imply either that: 
1) there was local input by circulating meteoric water ; or 
that . 2) the fluids reacted .extensively in the shear zones , 
thus becoming depleted in 18o. 
Iron in the shear zones is generally in a more reduced 
state than in the adjacent unsheared · rocks, imply i ng that 
.large volumes of hydrothermal fluids were ascending and 
cooling with time. The presence of a few oxidized shear 
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zones implies the existence of descending fluids , either 
due to convection of the metamorphic (+/· igneous) fluids , 
' or the preaence locally of meteoric water . 
--/ 
Fluid:rock ratios have been estimated from the amount 
o f volatiles incorporated into the sheared mineral 
asemblages, and from the 
released during alteration. 
are on the order of 10 : 1. 
Shear Zone Hodel 
amount of silica consumed or 
\ Ge~y the mini mu m ratio s 
In this se c tion, a model is proposed for the formation 
and alteration history of the Mi rage Island shear zones, 
i.n light of the metamorphic , history and interpreted 
geology. lt is subdivided into three stages, involving 
the intrusion of the plutonic bodies into the volcanic 
pile ; the formation of the shear zones .during Ml as a 
result of plutonism; and the subsequent flushing of large 
volumes of fluid tnrough the shear zones during M2 . 
The first stage is illustrated schematically in Figure 
7 - 1 : The intrusion of a plutonic body into t h e 
' 
supracrustal sequence produced a thermal aureole and 
.. 
• 
Deposition of the Mirage Island supracrustal 
sequence was followed by the intrusion of one or more 
plutonic bodies. Their intrusion produced amphibolite 
facies contact metamorphic aureoles on the surrounding 
ro.cks. Arrows indicate the direction of movement of the 
pluton. 
-
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intiated Hl amphi~lite facies metamorphism . It is 
uncertain whether the supracrustal rocks were undergGi n g 
regional greenschist faci~s metamorphism at the time, as 
contact metamorphism and subsequent retrogression hnv t• 
overprinted any po~sible evidence of it . 
In the second stage (Figure 7.2), the volcanic pa c ltagt.> 
was deformed and tilted into its present, near vertil~ a 1 
orientation as the pluton continued to intrude . In th!!i 
model, the pri}1ciple ~ompressive stresses imposed on Ut e· 
country rocks by the intruding body would have beun 
approximately horizontal and oriented north·south in th .-
a rea of the West Mirage Islands, resull:71ng in faults that 
were steeply-dipping eas t -west structures with south sldP 
up displacement. Limited kinematic data from the West 
Mirage Islands indicate that displacement was actuall y 
oblique slip locally . 
Following plutonism and shear zone initiation during 
Ml, regional greenschist facies metamorphism (M2) ens u ed. 
The final stage of the shear zone history e n tails tht:: 
focussing of large volume» of me~amorphic fluids i n th e 
shear zones . Ascending hydroth e rmal fluids de r i v ed fr o m 
dehydration reactions at depth (plus possibly some re l ict 
igneou s fluids associated with the adja c ent c oolin g 
pluton) moved through the shear z ones, chan g ing bot h t he 
During the intrusion of the inferred pluton 
the volcanic units were tilted into a subvertical 
orienta~lon . Subhorizontal north - south stresses around 
the pluton produced a series of steeply-dipping, east-west 
striking, south side up shear zones in the overlying 
rocks. 
pluton . 
.. ·:~ 
Arrows indicate the direction of movement of the 
lSS 
Shear Zone Formation 
south side up displacement 
IJ 
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mineral assemblage and 'the bulk chemistry of the shi!ared 
rock (Figure 7.3). 
As the fluids ascended and the temperature dropped , 
anastomosing, schistosity - parallel quartz veins were 
deposited. Locally, hydrothermal fluids descended in the 
:;hear zones, and caused the precipitation o f carbonate 
vein s . Th e behavior of t h e fluid caused an overa l l 
reduction of iron in the shear zones, but local z o n es of 
( 
oxidation occurred . The descending fluid may hav e been 
derived from meteoric water near the surface, or it may 
represent localized convection of the fluid, whic h has a 
net upward flow dir~ction (Figure 7.3 ) . 
Incremental movements along the shear zones continued 
during (M2), producing localized offsets inside the shear 
zones, and resulting in several generations of secondary 
fluid inclusions. 
In the Mirage Islands, the amount of alte.ration and 
• 
the equilibrium temperature is ·variable between the shear 
zones. This is not interpreted to imply that the 
formation of individual shear z ones occurred a t di f ferent 
times , but rather that the final "closing" o f the s h e a r 
zones varied with t ime . In Fi g ure 7 . 4, this i s 
.LF...Ji..,glioo.:.!u...Jr..:e"'-_.:...7_, ..... 3:::__F o 11 ow i n g t h e f o r m a t i o n o f t h e s h e a r z o n e s , 
hydrothermal fluids derived from regional greenschist 
facies metamorphic reactions (perhaps accompanied by 
magmatic fluids assoc i ated with cooling of the inferred 
pluton ) were focussed in the shear zones . Amphibolite 
facies ( M l) assemblages were re-equilibrated t o 
greenschist facies (M2 ) assemblages i n t he presenc e of 
these fluids , which also produced changes in th e bulk 
chemical compositions of the rocks in the shear zone s. 
The net flow - direction of hydrothermal fluids in the shear 
zones was upward, but locally downward-directed fiow of 
fluids (either from a meteoric source or as a res u lt ·of 
convection) occurred . 
'\ 
\ 
meteoric Input? 
T ~ 350 C 
T& SOO't 
hydraulic fracturing 
y 
quartz vein 
deposition 
2 58 
fluid out: 
H20,C02,Na,Ca,Sr,Fe + 3,SI,Mg,Mn 
convection of fluid? 
(cpx) + amph + ep + ollg-labrad 
:::;:: chlor + alb+ qtz +calc 
fluid In: 
H20,C02,K,Rb,Fe.+ 2,Mg,Mn,S 
illustrated schematically on a temperature-~ime plot . Tho 
shear zones were formed during Ml, which accompanied 
plutonism, and were ' initially altered by fluids derlvt>rl 
from a magmat~c source. Hydrothermal alteration conti l;ut• d 
after the cooling of the pluton, with metamorphic fluid!.i 
derived from M2. Alteration i:n some shear z. o nes e n de d 
• f o 1 l F i n g M l , w h 11 e i n o t h e r s 1 t l a s t e d w e 1 l i n t o M ~, 
··---, 
resulting in a range of fina~ alteration u ll (\ 
measured equilibrium temperatures. 
Figure 7.4 Schematic 
interpreted timing of 
the variable timing 
temperature time plot showing the 
shear zone formation (syn-Ml), and 
of she a r zone c 1 o sure ( during M 2 ) . 
Because the closure of the shear zones varied with time, a 
wide range of equilibrium 
.states is obseryed. 
temp.eratures and alteration 
Temperature 
.. 
Shear Zone Formation 
M1 
\ 
closing of shear zones 
variable with time 
M2 
Time 
!'1,. 
2.62. 
-
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APPENDIX A 
Microprobe An~lySes 
._ .. 
Minerals were analyzed ~n a~Jeol JXA50A electron probe 
microanalyzer. Tl)e standard ~.sed was 
·c 1 i no p y r o x e n e (ACPX) with the following composition 
(expressed as wt % of oxides) Na20- 1.27, MgD- 16.65 , 
A1203 -. 7-.86, Si02- 50.73, K20- 0, CaO • 15.82, Ti0-:7-
0.74, MnO- 0 . 13, FeO- 6.76 . . 
The res,ults were found tc;> reproducible to within 
·~ 
about +/- 0.05 wt. \, and most elemel)ts, with 
exception of Si and Na, have an ' estimated accuracy of 
+/- 5 % of the reported values (H. Longer1fh, personal i 
communication, 1986). Th e 1 owe r 1 i m 1 t o f d e t e ~ t 1 o n "'-o' f a n 
element is approximately 0.02 wt %. 
Res u l t s o f m in era. 1 an a 1 y s e s .us e d in t h i s 11 t u d y a r e 
presented on the following pages. 
"Wt \" refers to the 
• . 
w'e ight percent oxide in a mine ra 1, • and "form" refers .to 
. 
the stoichiometric number of each c~t:ion in one formula 
unit ol a mineral. Calcic amphiboles were normalized to 
13 cations excluding Ca, Na, and K, after Robinson et oJL_ 
(1982). Pl ag ioc las-e formulae were calculated to ~oxygen . 
and chlorite t~ . 28 oxygen . 
• 
.. 
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The .quality of analyses i ·s variable. , In: particular, 
1 p 1 a. g 1 o c 1 as e w t % t~ tal s were found to have a wide 
range . Because the stand_ard used t;o calibrate .the probe 
has a low Na, 'content, Na is likely a major source of err~r 
• / 
in · albite· analyses. 
In th e s e c t i on on p 1 a g i o c 1 as e c hem i s t r y ( Chap t e r 2 ) · , 
an a 1 y s e s w i t h w t % to t a 1 s outs ide of the range 9 8- - l 0 2 % ; 
but whic.h . yielded constant Ca: Na ratios were taken as 
acceptable, since they were only used to compare anorthite 
contents of plagioclase& . In the section on thermometry 
(also in Chapter 2}, calculations were restricted to those 
, plagloclases with .totals between 98 and 102 wt . %. Those 
w~th t~tals outside of 99 - 101%, but between 98 and 102% 
are indicated in the text with an asterisk (*). Errors 
i nhe rent in the I temperature calculations using Spear's 
( 19 80, 19 81) thermometers are estimated to be_±L_- _ ZJJ!'_.l.L__L_J,.I_L_ _ ____ _ __ 
plagloclases with totals between 98 99% and 101 - 102%, 
versus +/- 0 50 C for plagioclases with totals between 99-
101'. 
Chlorite analyses were found to have wt %_ totals 
between about 85 and 88t. Analyses near the lower end of 
this range have silica contents lower tl}an expected for 
• 
" chlorite, and therefore-. the main source of error in . these 
is believ'd to be . a result of poor silica totals. 
. , 
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Unsheared gabbro sample: CWM-15 -{plagioclase) / 
. 
wt 
' 
form 
Na20 1.18 1. 02 
Al2.03 18.93 1. 00 
Si02 6 7. 08 2.99 
· K20 0.03 .00 
CaO 0.15 .01 
FeO 0 . 01 .00 
Total: 98. so 5.02 
Unshearedtgabbro sample: CWM-34A (plagioclase) 
wt 
' 
form Wt 
' 
form Wt 
' 
form Wt 
' 
form 
Na20 10 .11 .86 10.92 .92 10. 5.1 .89 10·. 41 . 9 Al20.$ 21.01 1. 08 20.46 1. 05 20.73 1.07 20.06 1. 06 Si02 6 6. 39 2.90 66.87 2.91 66 . 63 2.91 65.16 2.91 K20 0.10 .oo- 0.04 .00 0.70 , o·o • 0. 20 .01 CaO 2.98 .14 2.78 .13 2.88 .13 2.60 .13 FeO 0.10 . 00 . 0. 06 .00 0.07 . 00 0.06 .00 Total: _ 99.69 4. 98 . 101.13 5.01 100.89 5 . 00 98.50 5 . 01 
Na20 10.20 .87 
' Al203 21 . 59 1.12 s 02 65.02 2.85 
.::· K20 0.05 ~00 
CaO 3.83 .. 18 
FeO 0.10 . 0 0" 
Total: 100.79 5.02 
Unsheare'd gabbro s&itple: CWM · 34A (amphibole) 
wt 
' 
form Wt 
' 
form wt 
' 
form wt 
·' 
form 
Na20 . 8 3 .24 . 94 , .27 . 75 . 21 .86 . 2 5 
HgO 12. 15 2 . 73 13.06 2.88 1·2. 64 2.72 12.15 2.74 
A1203 5.31 .95 6.44 1. 12, 5.43 .92 5.31 .95 . 
Si02 47.26 6.99 47.04 6 ."96 50.42 7.28 4 7. 26 7.00 
K20 0.27 .05 0.34 .06 0.29 . 05 . 0 . 2 7 .05 
CaO 10- -25 1 ~ 66 11'. 57 1. 84 11 . 20 . 1. 7 3 10 . 25 1. 66 
Ti02 1. 09 .12 .58 . 06 . 63 .OS 1. 09 . . 11 
MnO . . 39 . 05 .34 . 04 . 31 .04 .39 · . OS 
Fe tot 16.95 2.08 15.55 1. 93 16. 32 . 1 . 97 16 . 97 2. 09 , 
' i z.-: ~ (L_ Total : 94.62 14.82 95.86 15 . 16 97 . 96 14.97 94.55 
~~-
• 
.. 
i 
- -- ---- ----
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Sheared gabbro sample : CWM- 34.8 (plagioclase) 
• 
wt 
' 
form wt 
' 
form 
Na20 11.91 1. 02 11.81 1_. 04 
Al203 20 .. 2 3 . 1. 05 19.88 1. 07 
S102 65.99 2.92 62.94 2.84 
K20 0.05 .00 0.25 .00 
CaO 1. 21 .03 0.93 .04 
FeO 0.17 . 0.0 1. 61 . . 06 
j 
, ·rota.l : 99.46 5.04 97 . 42 5.06 
Sheared gabbro sample: CWM-348 (chlorite) 
wt 
' 
form wt 
' 
form 
Na20 . 00 .·. 000 . 04 .012 
MgO 16 . 50 5.209 16 . 68 5.337 
Al203 20 . 57 5.135 20.41 5 . 161 
S102 25.77 5.458 24.72 5.306 
K20. .--0 2 .000 .02 .000 
CaO .02 .000 .Q3 .006 
T102 . 0 .6 .006 .05 . 004 • 
MnO .28 . 04911' .25 . 044 
FeO 22.95 • 4.065 23.07 4.140 
C1 .01 .000 .03 .000 
Total: 86.29 19.941 85 . 48 20.037 
' Unaheared gab~ro aample: CWM - 35A ( p 1 a g~ 1 as e) 
wt 
' 
form wt 
' 
form . wt 
' 
form Wt 
' 
form 
., . 
Na20 4.00 .35 6.14 .54 5.55 .49 4.97 .44 
Al203 29 . 14 1 . 57 27.(){) 1. 41 27.12 1. 46 27 . 96 1. 51 
Si02 52 . 19 2.40 55 . 88 1. 41 54.58 2 . 49 53 . 02 2.44 
K20 
• 
0.15 .01 0.08 . 00 0.10 .01 0.54 .03 
.63 10.15 CaO 12.91 . 49 11.21 13"4 11.60 .57 
r'eo 0.60 . 02 0.57 .02 0.70 . 20 0 . 91 .03 
Total: 99.00 4 . 98 99.82 5 . 01 99.26 5.01 99 . 00 5 . 02 
Na20 3 . 87 .34 5.42 . 48 
Al203 28.82 1. 55 27.46 1. 4 7 
5102 52.49 2.40 54.)6 2. 4 '1 
K20 0.05 .00 ~·o. 13 . 01 
CaO 13.42 .66 11. 38 .55 
FeO' 0 . 81 .03 0 . 80 . 02 
Total : 99.46 4 . 98 99.55 5.00 
y 
.. 
• 
Un$heared . gabbro sample: C~M-35A (clinopyroxene) 
I 
• Na20 
MgO 
A1202. 
Si02 I . 
K20 
CaO 
Ti02 
MnO -
FeO 
Total: 
wt \ form • wt -\ - form 
. 24 
17.10 
2.04 
55.70 
. 04 
12.64 
. . 06 
.22 
12<. 16 
100.31 
.. 015 
.927 
. 08'6 
2.027 
. 001 
. . 492 
.001 
.006 
. 370 
3.927 
' 
~ 
.,57 . 042' 
12.88 . 7:}5 
4. 05 .182 
50.49 1 . . 935 
. 20 .009 
9 . 16 . .375 
. 18 .004 
.41 .012 
19 '. 70 .631 
98 . 71 3.957 
/\ 
Unsheared gabbro sample: • • CWM-35A (amphibole) 
Wt \ form .wt \. form wt ' form wt ' 
Na20 .51 .14 . 12 .03 . 3 8' .11 .51 
MgO 12.15 2.65 14.17 3. 26 14.58 3.10 12.15 
Al203 4.93 .85 1.14 .19 3.25 . 55 . 4 . 93, 
S102 50.21 7.35 52.14 7.73 53.16 7.66 50.12 
K20 . 24 . 0~ .04 .01 .11 .02 .24 
Ti02 .50 .05 .09 .01 .10 .01 .so 
MnO .43 .05 .25 .03 .23 .03 . 43 
' Fe tot 16 .6 1 2.03 14:.20 1. 80 13.76 l. 64 16.61 
'\ 
.15 
2.64 
.85 
7 . '3 5 
.04 
.OS 
'. 05 
2.04 
Total: 97.06 14.97 94 .5 0 14.86 98.00 15.02 96.97 14.97 
Sheared gabbro sample: CWM-3SB (plagioclase) 
wt 
' 
form wt 
' 
form 
'Na20 11 :.'7 3 l. 01 11. 23 .96 
Al203 19.21 1. oo, 19.92 l. 04 
Si02 66.99 2.97 67.22 2.96 
'V K20. 0.03 .00 0.10 . 00 · 
. CaO 0.96 .04 0 . 79 .04 
FeO lt 0.09 . . 00 0.14 .00 
Total. 99.01 5.02 99.40 4.97 
.. 
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- Sheare-d g~bbro 
... 
sampleP: . C'IJM-358 (chlorite) 
Wt 
' 
form wt 
' 
form ., 
Na20 .QO ·. 000 .. 01 . 000 
MgO 16.36 6 : 635 16. 32 6.741 
Al203 20.18 6 . 476 20.46 6 . 684 
Si02 26.25 7 .147 24 .. 74 6.863 . 
K20 . . 00 . 0.00 · . Ol .000 
CaO '• 04 .008 .04 .004 . 
T102 .07 .008 .06 .098 ... 
· M.no .28 .063 .29 . 065 
FeO 22 . 76 5 . 180 22.92 5 / 316 
• Cl .00 .000 ... 01 . ; 000 
Total: -86:19 25.564 85.03 25.716 
-Unsheare!i gabbro sample : CYK-41A (plagioclase) 
g 
we. 
' 
form 
Na20 10.29 .87 
A1203 · 21.67 1.11 
s ~02 66.01 2:8a 
·.~ 
, 
K20 0:18 .o1 · 
CaO 1.74 . 12 ' . 
FeO · ·o.os . 00 
T.otal : 99.91 4.99 
CYM-41A (amphibole) ·' ' Un•heared gabbro sample: 
./ 
wt 
' 
form wt 
' 
form wt \ form wt \ for~ 
Na20 . 30 . 08 .07 .38 .11 . 3 2 .09 
MgO ,15. 24 3 . 21 3.25 13.66 2 .. 98 15 . 61 3.27 
• Al203 -3 . 16 . 52 .57 5 . 93 1. 02 3.06 .51 
S102 52.53 7 . 67 7.65 48.20 7.05 53.51 7 . 65 
K20 _ .08 .01 .01 . 17 .03 . o·1 . 01 ( 
CaO 11.52 · 1.74 1.89 12 . 40 1. 94 12.78 1.92 
.. , T102 
.19 .0 .00 . 86 . 09 .07 . 01 
MnO . 19 . 0 .03 . 18 .02 .25 .03 
F•cot 13.09 1 .. 54 1 . 48 14 . 77 .. 1.81 13 . 07 1.26 
Total: 96 . 30 14 . 81 14.95 94 . 70 15 . 05 96.74 14.75 
\ , 
•• • 
' ~ 
I 
wt ' . form wt ' form 
Na20 
-.17 . 05 . Z9 .08 
io!:gO 16 . 57 3.51 15 .. OS 3. 18- \ A1203 1.17 . . 19 j 3.80 .63 
Sl02 53.71 7 . ..&-t52.18 7. 53 
K20 . .02 .00 .09 .02 
CaO 12 . 78 1. 95 12.09 1. 84 
· . Ti02 I ,.lO .01 .08 .01 
MnO .2"0 .02 . 18 .02 
Fe tot 11.83 t.41 13.72. 1.63 
Total: 96.55 14 .. 98 97.48 14.94 
Sheared ~abbro ~ample: CYM-41B · (plagioclase) 
wt t · form 
Na20 11.16 .982 
MgO .. 00 .000 
A1203 19 . 53 1. Q44 
Si02 65.27 2 . 963 
K20 
. 04 .001 
CaO 
. 26 .012 
Ti02 . 00 ·. 000 
MnO 
. 03 .000 
FeO 
. 01 .000 
Total: 96.30 5.002 
Shear~d gabbro sample: 
wt ' form 
Na20 .01 .000 
MgO 16.51 5.019 
Al203 20.82 5.007 
Si02 27.67 5 . 647 
K20 .03 
' 
.006 
Ti02 
.06 .005 
MnO .20 .030 
FeO 23.96 4.090 
Cl . o '1 ·. 000 
.. 
wt• t 
11.~8 
,. .00 
1.8. 91 
67.05 
.03 
1r. 
• .J· 
.00 
.00 
.01 
98.05 
form 
1 . 026 
. 000 
.993 
2 .... 9 91 
. 001 
.006 
. 001!)' 
. 000 
.000 
5.018 
CYM-418 (chlorite) 
wt .% form wt % 
.04 . 012 .00 
16.66 5.153 16.37 
21.30 5 .208 21.34 
25•. 90 5.372 25 . 46 \ 
.00 .000 .00 
' .04 .004 .07 
. 21 . 0}6 
.18 
24.25 4.208 24. 08 , 
.03 . 00.0 .00 
0 
. ' 
form 
.000 
5.109 
5.269 
5. 331 
.000 
.006 
.030 
4.218 
.000 
Total: 89.31 19 : 805 88.49 19 . 995 87.62 . 19.975 
.. J 
' 
~· 
r_z;· 
• 
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, 
. .. 
Wt ' form 
. 04 .Ot2 
16 . 14 5.025 
H. 08 5.184 
2 6 . 17 .5 . 466 
•. 01 .0 00 
. 02 , .001 
.25 .042 
2 3. 8 5, 4.161 
87'. 69 19.902 
·~ (; • .. 
·~~ 
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' 
Unsheared gabbro sample: CYM-82 , (plagioclase) 
. " 
wt 
' 
form wt 
' 
f.orm wt 
' 
. form wt 
' 
form 
Na2J 6.34 .52 5.25 .46 5.77 .51 5.82 .51 
A1203 . 2 .6. 9 8 1. 43 26 . 33 1.41 27 . 31 1.45 26.90 ' 1.44 
S102 56 . 44 2.54 56;70 2.57 55 . 46 2.50 55.66 2 . 52' 
K20 0 . 04 .00 0.79 f .04 0.07 . 00 0. 0'4 . 00 
CaO 9 . 95 . 48 . 10.02 . .~9 11.23 .54 10.66 . 52 
FeO 0.04 . 00 0. 21 .01 0.12 .00 0.21 .01 
T~ta1: 99 . 79 4.98 99 . 30 4.98 99.96 5 . 00 99.29 5 . 00 
Na20 5.71 . 50 6.00 .52 5.85 . 5 1 5.64 . 49 
A120~ 26.91 1. 44 26.93 1. 43 26.81 1. 43 27.50 1. 46 
5102 55.61 2.52 56 . 36 2.53 56.07 2.54 55.58 2 . 5·1 ' 
K20 0.07 .00 0.10 .00 0.06 .00 0.10 . 01 
CaO 11.04 .53 10.86 .52 ·to. 26 .50 .10 ; 79 . 52 
FeO . 0. 21 .01 0.18 .00 0.15 . 00 0.21 . 01 . 
To .ta1 : 99 .5 5 5.00 100.43 . 5_. 00 99-.20 4 . 98 99.82 5.00 
Unsheared gabbro sample: CYM-82 (amphibole) 
,, 
wt; 
' 
form ..... 
'Na20 .54 .15 
MgO 15.07 3. z'o 
A1203 4.82 .81 J Si02 49.82 7 . 23 
,K20 .33 .. 06 
.. CaO 11 . 34 1.73 
T1.02 1. 01 .10 
MnO . 21 ·. 03 
F•tot 13.66 1 . 62. 
Total: 96.80 14 . 93 
.. 
7 
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Unsheared gabbro sample: CWM~a3 (plaglocl~~e) 
./ 
wt 
' 
fo .rm wt 
' 
form Wt 
' 
form . o · 
Na20 l.l. 94 1. 01 12.20 1. 02 . 11 .... ~ 40 
.95 
A1203 !8 .9 ,4, . .98 20 . 59 1. 05 20.43 1.03 
5~02 68.00 2.98 66.70 2 .• 90 69.30 2.96 
K20 0 . 13 ·. 01 o·. 01 . 00 0 . 04 :oo 
Ca.O 0.88 .04 l. 72 . . 08 0.98 .05 
FeO 0.08 . 00 0.18 .01 0.03 .00 
Total: 99.97 5.02 101.46 5 . 05 102.18 4.99 
• 
... 
J 
Unsheared gabbro sample : CWM-126 (plagioclase) 
wt 
' 
form wt 
' 
form Wt 
' 
· fo.rm 
Na20 9 . 26 .79 11.41 .99 11 . 07 , 9 5 
Al203 22 . 03 1.14 20.27 1. 07 19.65 1.02 
Si02 65 . 11 2. ss· 6 7. ~2 1. 07 67 . 84 2.99 
.. 1;<20 ..- 0 . 44 . . 02 0.03 .00 0. 29' . 0'1 
CaO 2 . 83 '. 13 0.09 .00 0.04 .01 
FeO 0.20 .00 0.02 . 00 oO, 02 . 00 
Total: 99 . 87 4.97 99."34 5.02 98.91 . 4 . 9 8 ~ 
Na20 11.83 . 97 11. 19 . . 9 5 
A'l203 20.31 1. 05 30.98 1. 08 
Si02 :6 6 . 4 9 2.93 . 66. 16 2.90 
-K20 0 . 03 .00 0.03 .00 
CaO 1 . 51 . . 0,7 1. 69 .08 
FeO 0 . 03 .00 0.04 .00 
Total : 99.76 5 . 02 100 -. 09 5.01 
' Unsheared gabbro sample: C'WM-126 (amp-hibole) 
' 
wt 
' 
form wt % form. wt 
' 
form Wt · % form wt 
' 
form 
Na20 1. 29 . 3 7 1.42 .42 1. i 7 :3 5' • 1. 4 2 .45 1. 52 .46 MgO 5. 23, 1. 17 5~3s 1. 22 4.90 1. 11 . 4.34 .98 4 . 79 l .. 11 A1203 12.83 2.27 12.75 2.30 12.77 2 . 3 0 ". 14 . 58. 2 . 66 p.43 . 2 . 46 S102 43.26 6.48 43.84 6.41 42.43 6 . 4~ 39.28 6.13 41.39 ~ . 43 , K20 .:n .06 . 29 .06 . 28 . .05 .37 .07 
• 
. 30 .. 
. 06 : 
CaO 10 .. 87 1. 7 5 11.46 1.88 11.4 7 1. 88 11.48 1. 86 10.78 . 1 . 79 
T102 .24 . 03 .21 .02 .26 .03 .27 .03 .25 : 0'3 MnO .34 .04 . 2 7 .· 03 .34 . . 04 . '3 3 .04 .28 . 03 
Fe tot 23.98 3 . 01 23.39 3.00 23.7,7 3 . 03 ~4 . 32 3. 16 22.64 2. 94 Tot;,1: 98.30 15.18 96 . 98 15.32 97.39 15.27 96 .3 9 15.38 9 s .. 3 ~ 1 s . 31 
~ . 
• 
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.. 
Un•hear ad gabbro a amp 1e: CWM·127 (plagioclase) 
wt 
' 
form wt 
' 
form 
.... 
Na20 7 . 8 2 " . 6 7· 6 . 81 .58 
Al203 24 .. og 1.26 26.36 1 . 36 
S102 61.18 2.72 69.88 2.62 
K20 0.07 .00 0.04 .00 .... ' 
CaO 6 . 83 . 32 7 . 78 .41 
FeO 0. 04 . .00 0.10 .00 
Total : 100. 03 4. 97 100.97 4.97 
vnsheared gabbro sample : C\lM-127 (amphibole) 
.·· 
vt 
' 
form wt 
' 
form vt 
' 
form 
Na20 .88 :· . 2 sc 1. 03 . 30 1 .. 21 .34 
HgO 10. 54 2. 2 8 9 . 78 2.17 7.05 1. 54 t:t 
• Al203 8.91 1. 52 8 . 68 1. 52 13.68 2.70 
5102 4 7.18 6 ·. 84 46.61 6.93 41.79 6. l1 
K20 . 07 .01 . 21 . 04 .54 .10 
CaO 10.36 1. 61 11.41 1. 82 11.77 1. 84 
T102 .29 . 03 .39 .04 . 32 .02 · 
MnO .41 . OS . 2t. .03 . 2 3 .03 
F•tot 18.8 7 2. 29 1.8 . 51 2. 30 20.23 2.47 
To tal: 97.50 14. 88 96.86 15 . 15 96.85 12.72 
Unsheared gabbro sample: CWM-141A ~plagio~lase) 
' 
wt 
' 
form wt 
' 
form wt 
' 
form 
Na20 3 . 79 . 3 5 3 . 80 . 35 4 . 33 . 3.9 
Al203 29 . 39 1. 53 28 . 18 1. 57 28.68 1. 60 
9102 49 .. 94 2 . 35 50.73 2. 40 50 . 39 2.38 
K20 0.14 . 01 0. 04 .00 0 . 10 . 00 
caa 12 -·4 5 .63 12.32 .63 12.00 .61 
FeO 0 . 63 . 02 0. 60 .02 .063 .02 
Total: 96 . 74 4. 99. 95.70 4. 97 96.13 5.00 
A 
~ 
' •" 
... 
Unsheared gabbro sample: CWM-141A (amphibole) 
Na20. 
.MgO 
Al203 
s i02 
K20 
CaO 
Ti02 
MnO 
Fetot · 
Total: 
wt \ form wt \ form· , wt \ form 
. 30 
14.08 
4. 61 
49.41 
.13 
10.74 
.,06 
. 21 
14.14 
94.09 
. 09 
3.09 
.80 
7.28 
.02 
1. 70 
. 01 
. 03 
1 . 78 
14 . 80 
.34 
14.09 
3.30 
50. Q7 
.09 
11.96 
.71 
.28 
13.90 
94 . 96 
.10 . 34 
3.12 '1.3.20 
·.58 
7.44 
.02 
1. 90 
.08 
.03 
l. 7 3 
15.00 
3 . 64 
51.30 
~11 
11.38 
~· . 09 
. 26 
·14 .13 
94.61 
. 10 
2.95 
. 64 
7 . 55 
.02 
1. 83 
.01 
.03 
1. 77 
14.90 
Sheared gabbro sample: CWM-1418 (plagioclase) 
Na20 
Al203 
s i02 
K20 
CaO 
FeO 
Total: 
Wt % 
12.48 
19.25 
65.75 
0.04 
0.62 
0.10 
98. 24 
form 
l. 08 . 
1. 02 
2 . 94 
" . 00 
.D3 
.00 
5.07 
Sheared gabbro sample : 
Na20 
MgO 
Al203 
s i02 
K20 
CaO 
T102 
MnO 
FeO 
Total: 
wt t 
.01 
12. 7 3 
20. OS 
24.48 
.00 
. 04 
.07 
.27 
26.41 
84. 10 
form 
. 000 
3.615 
4 . 504 
4 . 667 
. 000 
.005 
. 005 
.039 
4.208 
17. 04 3 
wt t 
11' 34 
18.09 
67 . 98 
0 . 05 
()', 80 
0.07 
98 . 33 
form 
.98 
.95 
3.02 
.00 
.04 
.00 
4.99 
CWM-1418 (chlorite ) 
wt t 
.07 
12.93 
20 . 25 
24 . 28 
.02 
.01 
. 0 
. 2 
26.98 
84.93 
form 
. 022 
3.647 
4.520 
4. 597 
.005 
.000 
.002 
.033 
4 . 270 
11 : uo 
Wt \ 
. 07 
12 . 66 
19. 96 
24.44 
. 00 
. 02 
. 03 
.26 
2 6 . 89 
84 . 35 
form 
.022 
3 . 592 
4.487 
4.661 
.000 
. 000 
.000 
.039 
4. 286 
17.088 
288 
.. 
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Unaheared gabbro sample: CUM -14 2 A (plagioclase) 
... 
wt 
' 
form wt 
' 
form 
Na20 5. s-9 .52 5.12 . 44 
Al203 26 . 36 1.41 28.82 1. 53 
Si02 56 . 61 2 . 57 54.5 5 2. 46 
K20 0.07 .00 0. 04 . 00 
CaO 9.44 .46 10.89 . 53 
FeO 0.34 .01 0. 3 7 . 01 
Total: 98. 71 4.97 99. 79 4 . 97 
. · / 
Unshe a red gabbro sample: . C\JM-142A (amphibole) 
wt 
' 
form wt 
' 
form 
Na20 . 61 .17 .87 . 24 
MgO 11 .4 5 2.54 9.82 2 . 19 
Al203 4 . 3 5 . 75 5.30 . 8 9 
S102 50 . 35 7.40 48.82 7 .14 
K20 . 15 .03 .09 . 02 
CaO 11 ·. 3 7 l. 80 9.65 1. 49 
Ti02 . 50 .OS . 6 2 .06 
MnO . 2 7 .03 .52 . 05 .. 
F•tot 17.48 2 . 22 21.83 2.63 
Total: 96.56 14.99 9 7 . 52 14 . 71 
Sheared gabbro sample: CW'H·142B (chlorite) 
wt 
' 
form wt.' •form wt 
' 
form 
Na20 .01 .000 . 03 .012 .02 .006 
MgO 14.06 4.432 13. 26 4.256 14.36 4.515 
Al203 20.11 5.009 20. 38 5.173 20.30 5.047 
Si02 i~. 2 6 5.555 25. 38 5.471 25 . 97 5.481 
K20 .01 .000 .01 .000 . 00 .000 
CaO . o'2 . 000 . 00 . ooo · . 05 .006 
T102 .OJ+ .000 .04 .000 .07 .005 
KnO .31 .049 .29 .050 .24 .037 
FeO 27.40 4.848 2 7. 36 4.927 27.33 4. 824 
Total: 88.29 19.898 8 6. 85 19 . 901 88.41 19.928 
-, 
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Sheared gabro sample: CWH-1428 (chlorite) 
wt 
' 
form wt 
' 
form 
Na20 -. 01 
.000 .00 . 000 
HgO 12 . 68 4.088 i2.10 3. 941 
Al203 20 . 78 5.294 20.12 5. 18 7 
Si02 24.72 5.345 24.98 5. 462 
K20 .02 .000 .01 .000 
CaO . 02 .000 .04 . 005 
!102 .02 .000 .01 .000 
MnO .21 .032 . 29 . 051 
FeO 28.91 5.230 28 . 84 5 . 2 76 
Cl . 01 . 001 .(}{) 
. 000 
Total : 87. 55 20 . 084 86 . 50 19 . 988 
Sheared gabbro sample: CWH-1428 (plagioclase) 
wt 
' 
form wt 
' 
form wt 
' 
form 
Na20 11 . 3 5 . 9.6 10.95 . 9 5 11.74 1 . 0 4 
Al203 19 . 17 .99 19.28 1. 02 19.89 1. 07 
S102 68.28 2.98 66 . 30 2.97 i3.4S 2 . 89 
K20 0.03 . 00 0.02 .00 0.03 . 00 CaO 1. 23 .06 1. 21 .06 1. 25 .OS 
FeO 0. 12 .00 0.13 . 00 0.18 .00 
To ta 1: 100.18 4.99 99.89 5.00 96.54 5.05 
Sheared gabbro sample : CWH-1428 (amphibole) 
wt 
' 
form 
Na20 1. 3§ . 40 
~gO 6.52 1. 4 7 
Al203 12 . 27 2.19 
S102 43.14 6.52 
K20 . 39 .07 
CaO 11.42 1 . 85 
T102 . 04 .00 
MnO . 20 . b3 
Fe tot 22 . 07 2 . 79 
Total: 97.41 15 . 32 
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Un1heared gabbro sample: CWM-143A (amphibole) 
wt t form 
Na20 . 51 .15 
MgO 10 . 4 5 2.36 
Al203 4 . 67 . 83 
S102 48.24 7. 31 
K20 .20 . 04 
CaO 10.59 1. 72 
T102 . 12 . 01 . 
MnO .23 .03 
Fe tot 19.31 2. t/s 
Tot a 1: 94.41 14.90 
Un•heared intermediat• volcaniclastic sample: 
CWM-144A (plagioclase) 
we· 
' 
form Wt 
' 
form 
Na20 10.18 .86 11.61 .96 
Al203 19.40 . 99 19.29 . 96 
5102 68.48 2.98 71.49 3 . 04 
K20 0 . 63 .03 0.06 .00 
CaO 0.43 .02 0.03 . 00 
FeO 0.04 .00 0.00 .00 
Total: 99 . 16 4.88 102.48 4 . 96 
Sheared interm~diate volcaniclastic sample: 
CWM-1448 (plagioclase) 
wt: 
' 
form 
Na20 11.81 .98 
Al203 19 . 80 l. 00 
S102 69.58 2.99 
K20 0.69 .00 
CaO 0.22 .01 
• FeO 0.02 .00 
Total: 101.52 4.98 
I 
·.• 
• 
2Y2 
Sheare-d gabbro sample: 
~ 
CWM-1468' (plagioclase) 
wt 
' 
form 
Na20 10.73 .92 
Al203 19.33 1. 01 
S102 f,7.76 3.00 
K20 0.10 . 01, 
CaO 0.54 .02 
FeO 0.18 .01 
Total: 98.64 4.97 
Unsheared gabbro sample: CWM-149A (plagt"oc1ase) 
wt 
' 
form wt 
' 
form Wt 
' 
form Wt 
' 
form 
Na20 10 . 82 .92 10 . 74 .90 10.04• .84 10 . )5 . 87 
A1203 21.10 1. 09 20.60 1. 06 22.34 1 . 13 22.26 1 . 14 
3'102 65.88 2 . .8~ 67.89 2.95 66 . 65 2 . ~7 65.15 2 . 8 4 
K20 0.04 .00 0.09 .01 I 0. 03 .00 0.04 , 00 
cao 2 . 52 . 12 1.12 . 05 2. 71 .13 0 3.18 . 1 ~ 
FeO 0.18 .00 . 0.14 . 00 0.10 . 00 0.13 . 00 
Total: 100.54 5. 02 . 100 . 58 4 . 9} ,101.87 4.9.7 101.11 5.01 
Unsheared gabbro sample : CWM-149A (amphibole) 
wt 
' 
form Wt 
' 
form wt 
' 
form 
Na20 1. 21 .35 .91 .27 .43 .·12 
MgO 7 . 50 1. 6 7 8 . 23 1. 8 7 13. 39 2.90 
Al203 . 12.47 2 . 20 9.35 1. 68 4.49 . 7 7 
S102 42.96 6 . 44 44.74 6 . 84 49.85 7.25 
K20 . 44 
"" 
. 08 . 31 .06 .14 .03 
caa 
! 11. 82 1. 90 10.74 1. 7 6 12 .' 48 1 . 95' 
T102 .23 .03 . 3 8 . 04 .44 .OS 
MnO .24 .03 .25 . 03 .25 .03 
Fe tot 20.95 2.63 19.68 2 . 52 16.24 1. 98 
Total: 97.82 15.30 94 . 61 15.07 9 7'-. 71 15.05 
.. 
.. 
) 
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Sheared gabb;ro1 sample'\ CWM-1498 (plagioclase) ~ 
f 
~ wt 
' 
form 
Na20 11. 7 7 .98 
Al203 20.47 1. 04 
5102 68.13 2.92 
K20 0.13 .01 
CaO 0. 56 .02 
FeO 0 . 06 .00 
Total: 101.12 4.97 
Sheared gabbro sample: CWM·149B (chlorite)"" 
" 
wt 
' 
form Wt 
' 
form wt 
' 
form 
Na20 .01- .000 .00 .. ooo .05 .019 
MgO 13.64 4.410 13.94 4.42& 14.29 4 . 535 
Al203 20 . 75 5.301 .19. 98 ~· 016 20.72 5.205 
5102 24 . 33 5 . 2~ 25.81 5 .497 25.43 5. 417 
K20 .00 .000 .05 . Ol.f .00 .000 
CaO· .01 .000 .02 .000 .02 .000 
T102 .06 . 006 .02 .000 .11 .012 
MnO . 21 .032 .22 .037 .18 .031 
FeO 2 7. 33 4 .. 957 2 7 . 67 4.928 26.55 4.729 
Total: 8 6. 4 7 20.000 87.90 19.949 87 . 45 19.960• 
"sheared gabbro aample: CWM·155B (plagioclase) 
we 
' 
form wt 
' 
form Wt 
' 
form 
N&20 9.81 .86 10.65 . 9 3 10.52 .92 
Al203 21 . 84 1.16 20.13 1. 08 20 . 86 1.11 
S102 62. 58 2.83 64.52 2.90 63 . 36 2.86 
K20 0 . 06 .00 0.52 .03 0.64 .04 
CaO 3. 34 .17 1. 63 .08 1. 65 . 08 
" FeO 0.08 .00 0. 13 . 00 0.28 .01 · 
Total: 97.81 5.02 97.76 5 . 02 97.31 5 . 02 
/ 
' 
Sheared gabbro sample: 
Na20 
MgO 
A}203 
slo2 
K20 
CaO 
T102 
MnO 
Fe tot 
Total : 
wt \ form 
. 74 . 21 
13.27 2.92 
7 . 23 1.26 
47.99 7 . 09 
. 08 . 01 
1! . 15 1.77 
. 20 .• 02 
.25 - . 03 
13 . 50 1.67 
94.4114.98 
Unaheared gabbro a~mple: 
Na20 
A1203 
Si02 
K20 
CaO 
FeO 
Total: 
wt .\ 
8.82 
23 .7 6 
60.17 
0 . 04 
5.76 
0.03 
98.57 
form 
.77 
1. 2.6 
2.72 
.00 
.28 
.00 
5.03 
Unsheared gabbro sample : 
wt 
' 
form wt 
Na20 . 90 ·. 26 . 84 
MgO 10 . 95 2. 48 9.14 
A1203 9.33 1. 66 11.45 
5102 46.20 6 . 83 44 . 16 
K20 .16 . 03 .1 4 
CaO 10 . 97 l. 78 10.77 
Ti02 . 3 5 . 04 . 20 
MnO .29 .04 .33 
Fe tot 15 . 34 1. 94 17.35' 
Total : 94.50 15. 05 94.44 
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.. 
CYM-1558 (amphibole) 
CWM-156 (plagioclase) 
CWM-156 (amphibole) 
' 
form 
. 25 
2.08 
2.06 
6.58 
. 03 
1 . 76 
.02 
.04 
2.21 
15 . 03 
\ . 
, 
~-·· 
Unaheared"gabbro samp1~: CWM-160A (plagioclase) 
wt 
' 
form wt 
' 
form wt 
' 
form 
Na20 4.90 .43 4.59 . 40 6 . 02 . 52 3.72 
Al203 28.47 ·1. 55 28.78 1. 53 27.56 1. 46 30.43 
Si02 51.98 2. 41 53.61 2.42 56 . 15 2.52 51.55 
K20 0 : 11 .00· 0.09 .00 0.. 0 s .00 0.03 
CaO 11.93 . 59 12 . 6l . 61 10 . 19 .49 13.79 
FeO 0.70 .02 0.70 .03 0 . 49 .01 0.58 
Total : 98.09 5.00 100.38 4. 99 100.45 5.00 100.09 
Na20 4.41 .38 3.97 . 3 5 Q 
Al203 29.00 1. 54 29 . 83 1. 60 
5102 54.10 2.43 52 . 0"1 2.36 
K20 0.02 .00 0.11 . 00 
CaO 12.54 . 61 13.58 .66 .. 
FeO 0.61 .0).. 0.53 .02 
Total: 100.68 4.97 100.03 4.99 
Unahea-red gabbro aample: CWM·l60A (amphibole) 
Wt 
' 
form wt 
Na20 . 56 . 16 . 86 
MgO 11.90 2.67 8.33 
Al203 5.42 .96 10.59 
Si02 4 7.11 7 . 09 43.71 
K20 .15 .03 .27 
CaO 11.78 1. 90 11.63 
Ti02 .18 .02 .25 
KnO . 2 5 .03 :34 
F•tot 17.62 2.22 20.63 
Total: 94.97 15.06 96 . 84 
Sh4arad gabbro sample: 
Na20 
Al203 
5102 
K20 
cao 
FaO 
Total: 
vt t 
11 . 16 
20 . 87 
66.62 
0.91 
1. 6 7 
0.16 
'101. 3 9 
fora 
.94 
1. 07 
2 . 91 
.05 
. 08 
.01 
5.02 
' 
form wt 
' 
form 
.25 .46 . 13 
1. 86 12:07 1 . 49 
1. 84 5.73 1.01 
6.56 48.07 7.18 " 
.05 .10 .02 
1. 87 12.01 1.92 ' ; , 
.03 . 25 .03 
.04 .23 .03 
2.59 16.49 2.06 I 
15.09 95 . 41 13.97 
CWM-1608 (plagioclase) 
., 
295 
Wt 
' 
form 
' 
.33 
1. 63 ., 
2.35 
.00 
.~6 7 
.01 
4.99 
. , . 
-~ 
) 
Sheared gabbro sample: CWM-1608 (chlorite) 
wt 
' 
form wt 
' 
form wt 
' 
form 
Na20 .00 .000 . 05 .019 .00 .000 
MgO 14.23 4.516 14 >97_ 4.778 14.45 4.554 
Al203 20.02 5.029 19 . 5 8 ~ 942 20 . 23 5. 038 
Si02 25.77 5.492 25.82 5. 52 7 26.13 5. 5 21 
K20 . 25 .063 . 13 , . 031 .14 . 03 7 
CaO .05 .006 .03 .006 .02 .000 
Ti02 .04 .006 . 03 .000 .04 .000 
MnO .30 .050 . 26 .044 . 29 .049 
FeO 26.98 4.810 25 . 78 4.615 26 . 83 4 . 740 
Cl .( .01 1 .000 .02 . 000 
Total/ 87.71 19 . 978 86'. 76 19 . 980 88.28 19.963 
Unsheared gabbro sample: CWM·l~3A (plagioclase) 
wt 
' 
form wt 
' 
form 
Na.20 11. 50 .9] 11 . 55 ·-
.95 
Al203 19.50 1. 00 20.S2 r . l. 02 
S102 68.23 2 . 98 66.70 2. 82 .· ,_. K20 0.11 . 00 0 . 04 .00 
CaO 0.82 .04 0 . 62 .03 
FeO 0.11 .01 '1. 45 .08 
Total: 100.27 4.99 100.88 4.90 
, _ 
Unsheared gabbro sample: 'cwM-163i\ (amphibole) 
wt \ form wt \ form wt \ form 
Na20 .26 .07 .66 . 19 . 79 .23 
MgO 16.36 2.84 11.18 2 . 42 10.22 2 . 31 
Al203 4.90 .83 5 . 59 . 96 5.82 1.04 
S'!02 51.29 7.33 49.77 7.24 48.75 7.28 
K20 .05 .01 .30 .06 .22 .04 
CaO 11.74 1. 80 11.07 1. 7 3 11.33 l. 84 
T102 . 39 .04 1. 00 . 10 .55 .06 
MnO .30 .04 . 33 . 04 , 31 I .04 
F•tot 16.08 1.92 18.32 2.23 17 . 12 2 . 17 
Total: 98.32 14.88 98.20 14.97 95.11 15.11 
296 
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Unaheared gabbro sample: CWM-163A (chlorite) ' 
wt 
' 
form wt 
' 
form 
Na20 . 01 .000 . 06 .018 
MgO 15 . 01 4.633 15.55 4.892 
A120J 21 . 17 5 . 168 19.83 4.892 
5102 26 . 78 5.545 26.83 5.629 
K20 . 00 .000 .02 .. .000 ./ 
CaO . 03 . 006 .02 . 000 
Tto·2 . 04 . 000 . 02 . 003 
MnO . 29 - . 048 . 32 .055 
Fe O 25 . 5 7 4 . 426 25 . 14 4.400 
Total : 89 . 08 19 . 850 88 . 07 19.879 
' ' 
· Sheared gabbrb sample: CWM- U3B (plagioclase) 
we 
' 
fo r m 
Na20 11 . 58 . 99 
Al203 20 . 13 1. 0 4 
s 102 67 . 84 2.96 
K~O 0.06 . 00 
CaO 0 . 20 . 00 
FeO 0 . 07 .00 
Total : 99.88 4. 99 
Sheared gabb r o aample: CWM-1638 (amp h 1 b o 1 e). 
wt 
' 
form wt 
' 
form wt 
' 
form 
Na20 .96 .28 l. 17 . 3 5 l. 32 . 39 
MgO 9.37 2 .. 14 6.02 l. 38 5.6~ l. 2 7 
Al203 8.60 l. 55 13. 39 2.44 14 . 14' 2 . 52 
S102 44 . 45 6.80 41 . 22 6. 3 6 42 . 50 6 . 42 
K20 . 16 . 03 .46 .09 .48 .09 
CaO 11.03 1. 81 11.02 1 . 82 11 . 38 l. 84 . 
' ;..; 
T102 .05 .01 .06 . 00 .05 .01 .. 
MnO . 23 .03 .19 . 03 . 2 5 . .03 
F•t:ot: 19 ; 3 3 2.47 21 . 46 2.77 21 . 84 2.76 ~ 
• 
To t al : 94.20 15 . 12 95 . 18 15 . 24 97.60 15.33 
• 
• 
' 
' 
.. \.., 
Sheared ga~bro sample: CWH-163B (chlorite) 
Na20 
HgO 
Al203 
Si02 
K20 
CaO 
'I102 
HnO 
FeO 
Cl 
Total: 
wt ~ 
·~ 
.02 
12.91 
19.92 
26.99 
.04 
.06 
.03 
.29 
28.04 
. 01 
88.36 
form 
,006 
4. 059 
4.950 
5.687 
.006 
';'012 
.005 
. 049 
4. 944 
.000 
19.750 
Wt ' 
.00 
13.36 
20.27 
26 .' 33 
.05 
.05 
.02 
.23 
27.00 
.00 
87.46 
form 
.OOQ 
4.243 
5.094 
5. 613 
. 012 
. 0({~ 
.000 
.037 
4.813 
.000 
19.887 
s~.a~~ gabbro sample: CWH-164B (plagioclase) 
wt \ ~form 
Na20 
Al203 
S102 
K20 
CaO 
FeO 
Total: 
wt ' 
8.61 
23.35 
65.54 
0.20 
4 . 44 
0.05 
99.19 
form 
. 74 
l. 22 
2 . 79 
.00 
. 2 1 
.00 
4.79 
7.51 
24.61 
60.7~ 
0. 0'\ 
6. 99' 
0.10 
100.40 
.68 
l. 29 
2.69 
.00 
.33 
. oe 
4 . 99 
{Sheared gabbro sample: 
wt \ form 
CWM-16_4,B (amphibole) 
Na20 
MgO 
Al203 
S102 
K20 
CaO 
'I102 
MnO 
Fe tot 
'I-ota 1: 
.75 
10.86 
10.44 
44.54 
:13 
11.78 
.06 
. 16 
15.89 
95 . 08 
. 
. 22 
2. 48 
1. 89 
6.52 
.02 
1. 93 
.. 01 
.02 
2. 02 
15.11 
298 
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Unsheared gabbro sample: C0-22A (plagioclase) 
wt ,, form wt 
' 
form 
Na20 10.38 . 8 8 10.49 .89 
Al203 21.53 1. 11 21.51 1 . 11 
S-102 65.46 2.87 65.70 2.87 
K20 0 . 49 .03 0.03 .00 
CaO 2.46 . 12 2.82 .13 
FeO . 0.25 . 01 0.12 .00 
Total: 100.57 5.02 100.67 5.00 
Unsheared gabbro sample : C0-22A (amphibole) 
wt 
' 
f o·rs 
·~ 
Wt 
' 
form wt 
' 
form wt 
' 
form 
Na2d . .48 . 13 .77 . 22 .48 . 13 .74 .21 
MgO 12.88 2.76 11.73 2 . 62 13.07 2.81 13.96 3.01 
Al20J 4 . 30 .73 6.90 1. 22 4.06 . 69 3.62 .62 
5102 51 . 34 7.52 47 . 16 7 . 07 50.36 7.31 51.77 7.48 
K20 .07 . 01 .09 . 02 .09 . 02 . . 11 .02 
CaO 11.2 2 1. 7 3 11.14 1.79 11 . 41 1. 76 10 . 86 ..... 1. 68 
Ti02 . 11 .01 . 21 .02 . 10 .p1 . 07 .01 
MnO . 23 .03 .30 .04 .36 .04 .29 . 04 
_Fe tot 16 . 23 1.95 16.07 2.01 16 . 15 2.01 15.23 1. 84 
Total : 97 . 86 14.87 94. 41+ 15.01 96.08 14 . 78 0 96,. 65 14.91 
Unsheared gabbro sample: C0·23A (plagioclase) 
wt 
' 
form Wt 
' 
form 
Na20 5.00 .43 5.85 . 51 
Al203 28.64 1.51 26.82 1. 43 
S102 55.16 2.46 55.93 2 . 53 
K20 0.08 .00 0.16 .01 
CaO 11. 57 . 55 10 . 34 . 50 
FeO 0 . 78 . 03 0 . 66 .02 
Total: 101 . 23 4.98 99.76 5.00 
j 
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' Unsheared gabbro sample: G0-23A (amphibole) 
wt \ form wt \ form 
Na20 . 75 . 22 .14 . 04 
MgO 10.76 2.40 15.68 3.40 
Al203 7 . 15 1. 26 1 . 98 .34 
Si02 46 . 79 7.01 52.26 7.61 
K20 .12 .o}' .05 .01 
CaO 10 . 89 1.7 12.75 1. 99 
Ti02 .26 .03 .01 . 00 
MnO . 41 . 05' . 19 .02 
· retot 17.92 2.24 13 . 30 1. 57. 
Total: 95.05 14 . 98 96.36 i4.9B 
) 
• 
• 
. ; 
.-•.. 
I 
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APPENDIX B 
Oxuen and Carbot:Iaotope Data on Whole rock arid Mineral ..,. 
' , Separates: 
<J• 
Whole rock aamples were crushed and weighed . 
Appoximately 5 to 10 milligrams . were analyzed for 18.o 
(meaa1Jred re1.at1ve to standard mean ocean water SMOW) 
amd l3c (~eo'\sured relative to .bellem~itella americana from 
the Cretaceous Peedee Formation in South' Carolina - PD.B) . 
· Oxygen isotope samples containing 'trace amoun.ts of 
4 
carbonate were treated wi tb HCl to. remove the carbonate . 
( 
Mineral separates were hand picked from crushed 
a ample•, and ~••ted 
before an~s .fo~ 
carried out 1 n 
.and 
(>95t) by Xray diffraction 
l3c. Isotope fnalyses were 
of Dr. F. J. Longstaffe at 
tf the Univers 1 ty 
.. 
Sample 
CWM-41C 
CWM-138 
CWM~l42E 
CWM-1438 
CWM-145! 
CWM-1468 
CWM-1478 
CWM-151C 
CWM-l54C 
CWM-160C 
CWM-16 3C 
CWM-1648. 
CWM-16 6C 
C0-22C 
CO- 23C 
'· 
I 
~
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Oxygen Isotope Data on Mineral Stparatu 
Quartz 
&180SMO~ 
( 
+9. 3 
+8 . 7 
+9. 3 
+s.s 
+9. 3 
+9 . 6 
+9.3 
+8 . 7 
+9 . 3 
+9 .0 
+9.1 
+9.6 
+11. 2 
+11. 4 
l. . 
Chlor 1 te 
6 18 osMOW 
+3. 7 
+2.4 
+4.5 
+4. 3 
+2.4 
+4.8 
+3.4 
+3.3 
+2.9 
+3.3 
+4.4 
+2.0 
+5.1 
+5.5 
Carbonate 618 osMO~ ~lJcPD8 
+7.8 
+23. 6 
+27.6 
-3 . 1 (calclln) 
-4.3 (Fe · dol o mite) 
-
+0 . 9 (Fe · dolomit:H) 
Sample 
Sheared Samples : 
CWM-34B 
CWM-l5B 
ClolM-84 
C1JM-140B 
CWM-145B 
CWM.:l49B 
CWM-154B 
CWM-155B 
CWM-160B 
CWM-162B 
C0-22B 
C0-23B 
Sa11ple 
+6.5 
+5.7 
+9.9 
+5.0 
+8.4 
+6.2 
+5.4 
+5.7 
+6.5 
+7.8 
+8.8 
+6.7 
180SMOW 
Unsbeored Samples: 
CWM-24 
CWM-34A 
CWM-3SA 
,CWM· 57 
CWM-118 
CWM-145A 
CWM-149A 
CWM-154A 
CWM-15 SA 
CWM-156 
CWM-157 
CWM-160A 
CWM-162A 
C0-22A 
C0 - 23A 
+7 . 6 
+5.5 
+5.4 
+5.8 
+8.5 
+5.6 
+5.4 
+5.3 
+8.6 
+7.0 
. +8 .1 
+5.2 
+7.9 
+9 . 1 
+6.1 
' . 
Whole Rock Oxygen Isotope Data 
Calcite Results 
€1. 8osMOW 613 CPDB 
+7.8 
+8. 1 
+7.8 
+8.1 
+9.7 
+9.1 
\' 
-4.0 
-2.8 
-5.0 
- 2·. 9 l 
-3. 5 
-3. 5 
( 
.. 
APPENPIX C 
~ELECTED SAMPLE CALCULATIONS 
Sample Calculation of Tegporature from l1Q Data 
For CYM-41C, 
A 61 i 0 q .• c h - 2 . 0 1 ( 1 0 6 * T • 2 ) + 1 . 9 9 
(from Wenner and Taylor, 1971) 
618oq -- +9.3•and ,• 8och- +3. 7 
9 . 31 · 3.74- 2.Q.l (106*T-2) +t.99 
r2- S6i4S2.51 
304 
Sagplt Calculation of Fluid Cogpo1ition in egulllbriug ylth 
Quartz 
(from Friedman and O'Neil, 1977 after Clayton et al., 1972) 
For an estimated temperatura of 723°1< and 618oq - +9 .• 0'-
9.0 
\. 
'· 
3 . 38*10 6 
(723)2 
w- 6~ ... 
• 2. 90 
Sappl• Calculation of Tewperature frow Ouortz-Colcl t e 
(from Friedman and O'Neil, 1977) 
for CYM-166C: 9.6 • 27 . 6- ·18 - . 6 (106*T-2) - .01 
r2 - -33352 
unsolveable equation 
d 
, 
Iii I 
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S••*l• C&lculttion of Alteration Index 
AI mode of seco~dary mins 
mode of primary + secondary mins 
For sample CYM-141A, p~imary minerals - 22.0 t actinolitic 
hornblende 
So AI 
secondary minerals- 5.2 t biotite 
26 . 5 chlorite 
5 . 2 + 26 . 5 
- 0 . 59 
5.2 + 26 . 5 + 22.0 
A 
I 
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>¥ APPENDIX D 
. ( 
Selecced flcures frog Potter q.1Jz) used s:o utiwato 
trapping pressures of fluid inclusions frog Kira1e Island 
.. 
sawples 
The graph• plot formation pressure curvea relat i ve to 
'. ( / 
temperature correction (- Tformatlon 111• !homogenization> 
axis) I and (vertical homogenization temperature 
(horizontal axis), for different salinities of fluid . In 
this study. homo'geri~z at ion temperature was measured. and 
temperature correction was calculated using the formation 
temperatures determine.D.o<from oxygen isotope thermometry , 
and therefore the trapping pressuiea of tht'! fluid 
inclusions can be estimated using these diagrams. 
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'lOB 
APPENPIX t; 
' 
Geochemical Analyses 
Whole rock major element analyses were car.ried out o n 
solutions by atomic absorbtion sp•ctophotometry a t 
Memorial University by C. Andrews . The results are 
presented as a weisht percent. Errors are estimated to b e 
+/· 2' of the reported values. Ferrous· and ferric iron 
were distinguished by titration. 
Trace elements were analyzed by X-ray flourescence on 
pressed powder pellets by C. Viennott at Mf!morial. The 
results are presented in ~ part& per million ( ppm) . A 
standard was run a total of eight times with the unknowns , 
and its results were reproduceable to within about S• . 
' 
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BESULTS OF MAJOR ELEMENT ANALYSES OF METABASIC ROCKS 
Oxide CWH-34A CWM-348 CWH-35A CWM-358 CWM41A CWM-41B 
Si02 50.0 46.7 48 . 4 41. 2• 49.2 ~5.3 
Ti02 0.64 0.80 0.88 1.12• 0.60 0.68 
I A1203 14.5 13.6 14. 1 15.7 12.8 17.6 
FeO • 7.42 .9. 29 9.00 10.58 10 . 28 17.29 
Fe 203 .. _2. 10 0.55 2.49 1. 26 1.90 . 2 . 14 
KnO 0 . 16 0.16 0.18 0 . 19 0.17 0 . 15 
KgO' 8.38 8:29 9. 12, 9.34 11.0 13.2 
CaO 8.66 7.78 9.48 7 . 14 6.98 0.54 
Na2~ 2 . 51 1 . 91 1. 83 2.84 2 . 43 0 . 72 
K20 0.55 0.69 0.51 0.58 0.78 1. 7 3 
P205 !f. o s· 0.05 0.05 0.07 0.07 0.26 
LOI 3.88 8.85 3.22 8.96 2.53 6.92 
Total 99.66 99 . 69 100.25 100.14 100.23 98.44 
Oxide CWM-92 C'WM -13 7 A CWM-13 7B CWK-139A CwM-139B 
5102 59.0 47.8 45.6 46 . 0 44 . 2 
f T102 0. 72 0.76 0.84 ' 1-. 08 1. 08 
Al203 14 . 7 14.4 14.4 15.3 14.1 
FeO 7 . 26 8.89 9 . 57. 10.54 12.05 
Fe203 2.48 1. 12, 1. 94 1.06 
MnO 0.11 0.18 · 0.16 0.18 0 . 19 
HgO 5. 81 • 8.84 8.93 7.79 8.21 f CaO 6.36 10.6 7.68 8 . 88 7 . 42 Na20 3.74 1. 60 2.02 2 . 80 1. 70 
K20 l. 31 0.26 0.37 0.19 0 . 13 
P205 0 ,.16 0.07 0.11 0.08 0.10 
LOI o/. 6 3 2.49 7.53 2.78 6.52 
Total 99.80 99 . 31 99.38 98.52 98.52 
• 
Oxide CWM141A CWK141B CWH142A CWM142B CWM14.5A C'WM145B 
Sl02 44.7 47.6 49.6 47 . 5 4'J..8 86.5 
Ti02 l. 24 1. 60 l. 3 2 1. 36 1. 44 0.00 
Al203 14.8 11.8 12.9 12 . 3 12.9 3 . 33 
feO 10 . 62 12.71 11 . 70 13.4 7 11.46 3 . 73 
Fe203 2.34 2 .. 64 4.51 1. 06 3. 76 0.64 
MnO 0.18 0.19 0.20 0. 20 0.20 0.04 
MgO 9.37 5.96 6.16 6.31 5.69 2.05 
CaO 8.54 5.64 8.92 5. 8 8 - 7.74 0.50 
Na20 1.14 1. 66 l. 93 1. 86 1. 79 0.20 
K20 0.82 0.65 0.39 0.19 0.28 0.10 
P205 0.11 0.28 0.12 0.13 0.10 0.00 
LOI 4.34 6.65 l. 67 7 . 15 4.10 1. 65 
Total 99.37 9 8. 7 8- 98.62 98 . 89 100. 53 99.15 
, 
., 
.fi 
' 
..J 
·Oxide 
Si02 
Ti02 
A1203 
FeO 
Fe203 
MaO 
MgO 
CaO 
Na20 
P205 
LOI 
Total 
Oxide 
S102 
T102 
Al203 
FeO 
Fe203 
MnO 
MgO 
CaO 
Na2o 
K20 
P205 
LOI 
Total 
Oxide 
S102 
T102 
Al203 
FeO 
Fe203 
MnO 
MgO 
CaO 
Na20 
K20 
P205 
LOI 
Total 
-
.. 
C'WM149A CWM149B CWH149C CwM149D 
49.1 45.2 53.0 54.8 
1.60 1.24 1. 00 0.60 
12.8 11.9 13.6 11.6 
11.59 11.90 5 . 13 11.10 
3.47 1. 40 1.10 2.12 
0.21 0.16 0. 10 0.15 
6.84 6 . 64 3 :.]8 6.96 
8.86 7.58 8 . 94 4.72 
2.28 1. 3 7 3 . 62 3 . 12 
0.15 0.14 0.27 0.16 
1.14 8.81 6 . 45 8 . 29 
99 . 88 98.56 98.81 99.32 
CWM152A CWM152B CWM1S.4A CWM154B 
48.0 48.0 50.9 4512 
1 . 04 0.68 0.88 0.96 
14 . 3 14.7 13.8 14.4 
11 . 51 11.99 7.47 8.44 
1. 7.3 1.15 2 .... 2 8 1. ?0 
0.20 0.17 0. 16 0.16 
9.23 10.1 9. 39 8.79 
7 . 24 2.88 9.50 9 . 16 
2 . 58 0.81 2.01 2.40 
1. 01 l. 09 1. 34 1. 15 
0.08 0.09 0. 12 0 . 11 
2.43 6. 73 1. 58 6 . 25 
100.62 99.67 100.25 99.65 
CWM161A CWM161B CWM163A CWM163B 
49.1 45.3 48.5 •47.0 
1 . 56 1.28 0.92 1.72 
13.1 12.0 1'3.6 11 . 7 
12.05 12.16 10.7> 13.45 
3 . 05 1.35 2.12 2.52 
0 . 22 0.20 0.22 0 . 22 
5.36 4.9~ 8.18 6.10 
8.10 8.56 10.2 8.80 
2.18 2 .2 7 2.15 1.20 
0.49, 0.92 0.30 ' 0 .5 1 
0.12 0.20 0.06 0.16 
1.92 8.03 2.12 4 . 39 
98.77 G 99.51 99.5i 99 . 11 
( 
CWM151A CWM1518 
4 7 . 0 48.3 
0.92 0 .48 
14.3 11 . 2 
10.43 11.78 
1.90 4 . 93 
0.17 0. 17 
9.47 9.42 
7.78 1. 98 
2.00 0.02 
0 . 09 0.06 
3 . 1). 7.88 
99.01 
CWM160A 
49.1 
1. 20 
13.9 
10 . 67 
1. 8 7 
0. 20 
7.36 
10.0 
1. 81 
0 .4 9 
0.09 
1. 82 
99.68 
C013A 
49.1 
0. 92 
14.3 
9.87 
2. 13 
o·. 22 
7.36 
10 .1 
2.80 
0. 30 
0 .08 
0. 77 
99.02 
99.29 
CWM160B 
45.8 
·o. 88 
11. 7 
12.01 
0.66 
0. 2 2 
7.49 
8.88 
0.92 
0.49 
0 . 06 
9 . 64 
100 . 07 
C013B 
43.8 
0. 7 6 
14. 1 
9.83 
0. 7 5 
0. 14 
6.49 
8 . 18 
3. 4 7 
.023 
0.08 
9 . 66 
98.5 7 
,, 
I 
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Oxide C014A C0148 C02?.A C0228 C023A C023B 
S102 48.6 47.3 48 . 6 . 57. 6 47.0 41.6 
T102 1.00· 0.96 0.84 0.68 . '0 . 8 0 0.60 
· Al203 14.4 14.1 13.4 14.1 . 14 . 9 14.6 
FeO 10 . 05 9.45 11.29 4.74 10.19 11.09 
Fe203 1. 98 1. 55 1. 67 1. 09 2.27 0.67 
HnO 0 . 18 0.14 0.15 0.08 0.17 0. 15 
HgO 8.19 9 . 77 9 . 19 2.88 10.1 9 . 11 
CeO 10 . 0 6.24 4.68 7.78 7.64 7.54 
Na20 2 . 04 1. 90' 1.74 1. 97 1 : 80 2. 3 7 
K20 0.23 1. 2 9 1. 36 l. 95 0.60 0.40 
P205 0.08 0.09 0.07 0.07 0.04 0.05 
LOI 1.14 l. 29 5.30 6 . 30 3.76 10 . 01 
Total 100.14 98.90 99.53 99. 7 6 99.77 99 . 41 
ll:lllLiii OP' ll~.lQB. r;z..r;IIBl!I AliALI:iU li~UI lEL:ii~ IQ INIEB.KEDIAIE RQCKS 
Oxide CYM· 36A CYM-368 CWM140A CWM140B CWM141D CWM141D 
5102 58.2 77 . 6 64,.7 59.5 59.7 61.0 
T102 0.88 0 . 40 0.60 0.36 0.64 O,j6 
A1203 14.7 10.7 13 . 2 12.5 15 . 7 16.2 
FeO 6.72 1. 35 4.49 7.23 5 . 23 5.11 
Fe203 l. 16 0.57 0.12 0.48 1 ... 05 0.68 
MnO 0.12 0.03 0 . 06 0.10 0.08 0.07 
M·gO 5.80 1. 30 4.42 11.4 4.13 3.87 
CaO 4.66 3.56 3.22 0.28 3.74 3.30 
Na20 4.92 3.05 3 . 34 0.12 4 . 45 4.38 
"' 
K20 0.97 0.07 2 . 07 1.19 0 . 34 l. 63 
P205 0.26 0.18 0.14 0.13 0 .. 16 0 . 27 
LOI l. 31 0.47 2.01 4.98 2.78 1. 99 
Total 100.44 ~9 .. 46 98.86 99.45 98.57 99.62 
Ox1de .CWM144A CWM1448 CWM155A CYM155B CWH158A .CYH158B 
"" 
S102 76.9 38.7 74.8 54.8 61.2 42.5 
T102 0.16 0. 20 0.16 0.80 0 . 64 1. 04 
A1203 11 . 2 8 . 92 12.8 14.1 15 . 8 25.4 
FeO 1. 24 29 . 9 1. 3 7 5.52 4 . 52 6.87 
Fe203 0.59 l. 90 1.40 0.76 
HnO 0 . 03 0.03 0.03 0 . 14 0.08 0 . 08 
MgO 0.26 1.36 0.62 8.00 3.83 7.84 
CeO 1. 72 0.12 0.96 7.14 5.36 2.88 
Na20 4.48 0.36 4.70 2 . 10 3.41 l. 78 
K20 2.19 6.03 2 . 89 2.71 1. 27 4.53 
P205 0.04 0.08 0.01 0.14 0. 13' 0 . 23 
LOI 1. 24 13.26 0 .. 39 2.29 2.49 4.83 
Total 99.46 99.54 99.48. 100.51 100.63 ~1· 49 
\ 
\ 
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Oxide CWM162A CWM162B 
Si02 72.2 63 . 5 
Ti02 0 . 72 0. 76 
Al203 13 . 1 14 . 5 
FeO 3 . 1f8 3 . 58 r 
Fe203 0.31 0.13 
.MnO 0.05 0.08 
MgO l. 51 2.50 
~ CaO 3.12 •. 5 . .7 4 
Na20 2.49 1. 7 8 
K20 l. 98 1. 70 . 
P205 0 . 13 0 . 20 
LOI 0.70 2.74 
---Total .99.51 99 . 11 
. 
) 
·' 
I 
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IRA~ ELEMENT ANALYSES OF METABASIC ROCKS 
Sample Rb sr y Zr Nb Ti/100 Cr 
CIJM-34A 17 103 17 56 5 62 314 
CIJM-34& 15 53 2 3' 55 6 59 320 
CWM- 35A 11 112 25 56 3 75 314 
CWM-35& 14, 52 27 73 5 119 435 
CWM - 41A 23 85 16 82 4 76 443 
CWM·4LB 11 . 13 22 141 7 267 296 
CWM-92, 34 252 20 100 7 77 148 
CIJM·l37A 2 103 18 51 4 71 337 
CIJM-137B 4 72 15 45 4 59 495 
CWM-139A 0 100 24 67 5 112 164 •. 
CWM-139B 0 • 52 21 59 4 91 229 
CWK-14-lA 17 117 22 73 5 116 353 
CWK-141B .4 39 42 162 9 208 56 
CWK-142A 5 101 30 90 7 138 73 
Cwm-142B 1 41 2~ 89 5 136 86 
CWK-145A 6 92 40 98 7 136 28 
CWK-1458 4 14 6 6 3 2 21 
. CWK·l49A 14 137 37 123 9 156 156 
CWH-1498 23 59 37 110 9 153 151 
CWH-151A 6 151 25 74 3 102 253 
CWM-151B 14 12 19 61 4 106 267 
CWM-152A 14 74 27 73 6 108 189 
CWM·l52B 6 57 24 76 4 140 575 
CWM·l54A 30 235 16 70 5 82 417 
CWM ·l54B 26 95 17 75 7 74 409 
CVH·l60A 17 104 29 81 8 92 158 
CVH-160B 17 54 29 57 7 77 229 
CVH-161A 9 123 33 110 9 177 0 
CVH-161B 28 75 36 100 5 151 2 
CVM·163A 5 120 24 62 2 92 78 
CWH-163B 11 70 36 125 9 145 94 
C0-13A 4 110 21 65 2 91 227 
C0-138 1 42 ' 16 66 5 106 245 
C0·14A 2 108 24 69 4 94 258 
C0-148 27 91 18 61 5 93 235 
fl D 
I . 
. . 
TRACt: ELEMENT ANALYSES 
Sample 
CWH - 36A 
CWM-36B 
CWM-l40A 
CWM-l40B 
CWM - 141C 
CWM-1410 
CWM-l44A 
CYM-144B 
CYM-155A 
CYM-155B 
C1JM-158A 
CYM-l58B 
CYM-162A 
CWM-1628 
/ 
Rb Sr 
24 130 
14 .19 8 
54 125 
18 3 
2 178 
36 170 
39 72 
83 204 
"70 69 
110 199 
33 209 
82 93 
61 163 
38 227 
B cf 
~ 
y Zr 
17 147 
17 86 
21 155 
16 149 
17 157 
18 159 
23 133 
19 140 
30 255 
16 100 
18 151 
21 254 
28 225 
28 250 
31 4 
OF FELSIC TO . INTERMEDIAIE ROCKS 
Nb Ti/100 Cr () 
"J 89 91 
6 53 37 
10 62 138 
6 76 176 
7 72 0 
8 74 0 
12 20 0 
6 67 5 
13 21 0 
7 70 318 
7 65 4 \t 12 106 0 . ,. 
14 65 0 
15 83 0 
.. 
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APPENPIX F 
I!iocon Technique (Grant. 1986) 
The ··isocon technique, dev·ised by Grant (1986), is a 
met;hod of determining the relative gains and losses of 
elements as a result of ·chemical alteration. In order to 
use this method, it must be assumed that one element, or a 
parameter such as mass or volume, has. remained unchanged 
during' alteration, and then the relative enrichment or 
depletion of other ele11ents may be estimated. The 
horizontal axis represents the con'centration of an element 
in the unaltered state, while the vertical axis represent.s 
the concentration of the same element in the altered 
.,.. state. The axes are scaled from 0 to 30, and values which 
lie outllide of this range are multiplied by a factor such 
that the product lies between 0 arid 30. 
The · constant _parameter (in this ·: study, Al203) is 
plotted on th.e diagram by plotting its unaltered 
concentration on the horizontal axis, and its altered 
concentration on the vertical axis. 
'· 
The isocon (which 
represents a line of constant concentration) is then drawn 
from the origin through this point, so that it intersects 
r. 
the vertical axis on the right hand side of the diagram. 
This p ¥nt 0 f intersection r·epr_esents an 
enrichment/depletion of zero., · Where the vertical line 
the - horizontal axis of the diagram, the 
316 
enrichment is equal to -lOOt; or 100' depletion. The 
space between these points can be scaled between ,o and 
100 . 
( 
', The same scale can be used above the point 0, and 
represents positive values of enrichment. There is n o 
upper limit to the extent of enrichment possible. 
To determine the magnitude of enrichment or depletion 
of a given mobile element, it is plotted on the d iagram 
and a line is drawn from the origin through that point to 
intersect;: the scaled vertical line on the right hand side 
of the diagram . The amount of depletion or enrichment is 
de term i ned from the poistion of intersection on the 
vertical axis on the right hand side of the diagram , 
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APPENDIX G 
Modal and Kolar Quantities of Samples 
L , 
Modal abundances of minerals were determined from thin 
. ' 
sect ions' by point counting ( 1000 points). These values 
were converted to molar quantities u~ing the following 
molar volumes (cm3/mol): amphibole - 273, albite -100 . 2, 
. 
anorthite 100.8, chlorite 141 , epidote 139, 
carbonate .. 37, biotite - 151, sericite/muscovite - 150, 
quartz- 22 . 7, pyrite- 24, K-feldspar- 108. 
. 
. 
I . 
. ~ 
_/ 
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) 
aetabasite aamples 
Sample # plag a mph chl epi 
' C"!! rb bio ser qtz. py 
CYK - 34A 31.3 35 . 0 9.3 16.0 2 . 0 4 . 2 7.. 2 
\ moles: .312 .1 28 .068 .115 .os.:. 
. 18 5 . 09 CYM- 34! 18.5 39.1 0.2 14 ...... 2. 8 2 . 6 20.7 1.7 
moles : - .184 .285 
. . 
. 001 .390 .018 .0 1 8 .91 2 . 07J CYM- 3-5A 29.0 39.2 4.7 21.2 0 . 8 1.5 1.8 1.8 
moles: "'289 .144 .034 .152 . 021 .010 
.079 . 0 7! CYK - 35B 35.7 43 . 7 1.7 12.3 0 . 3 0 . 3 5 .9 0. 1 
moles : .356 
. 319 .012 .330 .002 . 002 .260 DOL CYM-41A 24.2 43.4 2L7 2. 7 0.4 1.3 1.1. 4.0 l . 2 
moles: .241 .159 . 158 .019 .011 
-:009 .0 08 .176 . 05( ·~ WM-41! 22.2 61.6 1.9 0.2 4 . 7 1.2 8.2 
moles: .222 
. 450 .014 . 005 
. 033 .0 53 .)4; CWM-141A 22.2 23 . 2 25.8 13.l : 4.3 6. 2 1.6 1.8 1.8 
moles: 
.221 .085 .188 .094 . 116 .041 . 011 .07 9 . 07! CWM-141! 17.5 34 . 8 4.1 10.9 5.0 1 . 5 19 . 6 6. 
moles : .175 
. 254 .029 .295 .033 .011 . 8 6t. . 25~ CYM-142A 25.6 46.7 9.4 11.7 0 . 4 0.4 2 . 6 3 0 ~ 
moles : .255 . 171 .069 .084 .011 .003 
. 1 15 ' 1 31. J CYM-142B 19.0 44.5 4 . 5 5.7 1.1 21. 7 3 . .5 
mo lea: .190 
. 325 .032 .154 . 007 .956 .146 CWM-149A 22.8 55.7 0": 7 5.4 l.l 4.4 5 . ~ 
moles: . 227 .204 .005 . 039 . 030 . .029 . 256 CWM-1495 0 . 6 44.0 1.0 17 . 0 4.6 2 7 .4 5. 4 
m.o lea: . 006 
.321 .007 . 461 .030 1 . 208 .226 CWM-l60A 33 . 1 40 . 8 14.2 5.4 3. 1 0 . 6 2 :e 
moles: .330 .149 
.104 .039 .02~ .026 .U7 CWM-160S 23 . 8 48.4 1.8 6.9 1.8 I:.'. 2 14.6 1..5 
moles: 
.237 
.353 . 013 . 187 .. . 012 . 008 . 643 .06~ CW!f-163A ·26 . 6 47.2 6.2 12.8 2. 6 . 1. 0 . 3.! 
moles : .265 .173 .045 .092 .070 
.044 CWM-163B 12 . 1 3 7. 1 15.9 6.6 4.2 9 . 2 10.8 4.1 ;no les: 
.120 .136 .116 .047 .11~ . 061 .476 . 1 71 
r 
' ./ 
j 
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J 
lel•ic to interl.'leciiate volcaniclastic lll&lllple• 
Sample ,. plag Kap ch1 epi carb b 'io ser qtz py sph 
C~H-l41C 37.9 9.1 20.9 8.4 1.2 1.2 2·. 6 17 . 6 l.l 
molea: .378 . 091 .152 . 061 .032 .008 .018 .776 .023 
C~H - 141D 20.0 7. 7 4.6 1.5 0.2 29.4 4.6 29.8 0.6 1.6 
molea: . 200 .077 .036 . Oll .005 .195 .033 l. 313 . 002 .034 
C~M-144A 27.3 1.4 3.2 21.7 46.1 0.3 
lllo1ea: - .272 .038 .621 .154 2. 032 .006 
C\IM-1448 21.6 0.4 0.8 28.9 12.2 34.2 0.8 0 . 6 
mole1: .216 . 003 .022 .191 .087 1. 507 .033 .013 
Abbreviation• uaed: plag plagioclase, amph amphibole, chl 
chlorite, •pi epidote, carb - carbonate, bio - biotite, ••r 
sericite, qtz- quartz, py- pyrite, Ksp- K·fe1dapar, sph- sphene ..._ 
) 
• 
... 
• 
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APPENDIX H 
Idealized formulae of mineral grains too small t o 
ob~ain microprobe analyses for are as follows : 
sericite: K2Al4Si6Alz02oCOH)4 
epidote: CaFe 3AlzOSijoll(OH) 
l 
chlorite (intermediate volcaniclastic samples ) : 
Mg 6 Fe 6Si 6Alz02o(OH)l 6 • 
sphene: CaTiSi04(0H) 
pyrite : FeS2 
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